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Chemical defence, a major defensive means used by a wide range of organisms, is rarely 
reported in spiders. In this study, I investigated chemical defence and its evolution in 
web-building spiders. By discovering a novel property of the web silk produced by the 
golden web spider, Nephila antipodiana (Nephilidae), I first explained the paradox that 
ants are rarely reported foraging on the webs of orb-weaving spiders, despite the 
powerful capacity of ants to subdue prey and repel enemies, the diversity and abundance 
of orb-web spiders, and the nutritional value of the web and resident spider. This species 
of spider deposits on the silk a pyrrolidine alkaloid (2-pyrrolidinone) that provides 
protection from ant invasion. I then studied how spiders obtain this compound, and found 
that it was biosynthesized de novo. I further explored potential chemical defence of eggs 
of spiders with and without parental care, but no defensive compounds were found in any 
spider eggs, suggesting that these species may not rely on defensive chemicals for egg 
protection. To investigate when the ant-deterrent occurred in the first place and how it 
has evolved in web-building spiders, I surveyed the presence and absence of 2-
pyrrolidinone in 65 genera of typical web-building spiders belonging to 11 families and 
then map the results onto the phylogenetic tree of web-building spiders. My results 
showed that ant-deterrent has evolved only once, and lost up to seven times in orb-
weaving spiders. Finally, I studied the function and its mechanism of a novel animal 
behaviour, mate-binding in the golden web spider, Nephila pilipes, in which the male 
deposits fine silk onto the female body in-between copulation bouts. I demonstrated that 
chemical defence can be even used by males to defend against a conspecific female’s 
cannibalism during mating. This study revealed that chemical defence is indeed an 
8 
important defence mechanism in orb-weaving spiders, thus providing a new perspective 






OBJECTIVES AND OUTLINE 
 
Chemical defence is a procedure involved in taking defensive measures against attacks 
using chemical agents. This defensive mechanism is widely found in many invertebrates, 
such as insects, scorpions, centipedes, millipedes and in some vertebrates, such as toads 
and beavers (Eisner et al. 2005a). It is widely used by animals to protect direct predation 
from carnivores, or eggs from predators, or territories from conspecifics. For example, 
caterpillars are known to excrete defensive compounds to deter predators when they are 
attacked (Hartmann 1999).   
 
 Much research on chemical defence has focused primarily on chemicals that are 
released by animals when and/or after they have been attacked (reviewed in Eisner et al. 
2005a and Wyatt 2003). This kind of chemical defence, in fact, is a passive response to 
attacks. However, there are also many other cases of chemical defences, in which 
animals purposely use chemical agents to deter predators, fend off pathogens, and drive 
competitors away before their interests are compromised, rather than excreting chemicals 
to passively react when and/or after being attacked. This kind of chemical defence can be 
defined as active chemical defence. It can be used by animals to protect themselves, their 
habitats, mating rights, eggs, and food resources, yet it is not well defined and has been 
largely understudied. Consequently, an explicit theoretical framework for active 
chemical defence in animal is lacking.  
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 Spiders that are known predators are also prey of many insects, birds, large 
animals and even other spiders (Foelix 2011). They have thus evolved many strategies to 
avoid predation, including warning coloration, camouflage, mimicry, fast drop, and 
playing dead (Herberstein & Wignall 2011). However, chemical compounds that are 
actively used by spiders to defend themselves against potential predators have been 
largely unknown. Therefore, using web-building spiders as a model system, I aimed to 
explore chemical defence in these spiders. The specific objectives and the outline of the 
thesis are as follows: 
 
1. The concept of chemical defence has been around for many years. It has never 
been scrutinized further into active chemical defence and passive defence, though 
there is growing evidence that chemical defence can be differentiated into the two 
types. In Chapter 2, I define the concept of active chemical defence, and reviewed 
the commonly reported cases in animals by the protection target of this defensive 
strategy.  
 
2. After having reviewed active chemical defence in animals, I found that this 
defensive mechanism has rarely been reported in web-building spiders. Spider 
webs comprise silk whose properties ensure remarkably efficiency at capturing 
prey. However, they also expose resident spiders to many potential predators. 
Surprisingly, ants are rarely reported foraging on the webs of orb-weaving spiders, 
despite the formidable capacity of ants to subdue prey and repel enemies. Chapter 
3 explains this paradox by investigating the chemicals on the web silk of the 
golden orb-weaving spider Nephila antipodiana (Araneae: Nephilidae). I extracted 
chemicals from the web silk and analysed them using Gas chromatography–mass 
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spectrometry (GC-MS). This species of spider deposits on the silk a pyrrolidine 
alkaloid (2-pyrrolidinone) that provides protection from ant invasion. I then studied 
the function of the dominant compounds by manipulating the chemical contents of 
the silk and exposing them to three species of ants in the field.  This studied has 
been published in the Proceedings of the Royal Society of London B (see Appendix 
A). I am the main author of this paper.  
 
3. Ant deterrent, 2-pyrrolidinone, was found to be used by the orb-weaving spider 
Nephila antipodiana.  Yet whether this chemical compound is synthesized by the 
spider or sequestered from its prey is unknown. In Chapter 4, I performed a series 
of chemical analysis throughout the life history of Nephila antipodiana to 
determine whether this compound could be synthesized by the spider or 
sequestered from its prey.  
 
4. After exploring active chemical defence in web silk of web-building spiders, I then 
explored this mechanism in their eggs. Eggs are crucial for the reproductive 
success of any species of spiders, and parental care of eggs can enhance the 
survival of eggs. For those species without parental care, chemical defensce may 
be a strategy for egg protection. However, this defensive strategy is rarely studied 
in spiders. In Chapter 5, using chemical analysis and bioassays I investigated the 
potential chemical defence in the eggs of three orb-weaving spider species without 
parental care [Nephila pilipes (Nephilidae), Argiope versicolor (Araneidae) and 
Nephilengys malabarensis (Nephilidae)] and two spider species with parental care 
[Scytodes pallida (Scytodiidae) and Pardosa pseudoannulata (Lycosidae)].  
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5. A pyrrolidine alkaloid, 2-pyrrolidinone, was found in the web silk of Nephila 
antipodiana, which was used by spider to deter ant invasion. However, it is 
unknown if this compound can be used by other web-building spiders. Chapter 6 
deals with how widely 2-pyrrolidinone occurs in web-building spiders, with focus 
on orb-weaving spiders, and how this ant-deterrence behaviour has evolved. 
Through this study, the origin and evolution of 2-pyrrolidinone was elucidated.  
 
6. After exploring active chemical defence in spider web silk and eggs, I then 
explored whether this mechanism is used by males to defend against the attack of 
females before, during, or after mating. To counter female resistance to mating and 
cannibalism, males of many animal species have evolved a variety of behavioural 
adaptations. As one of such adaptation, chemical defence, however, has been 
seldom studied in sexual cannibalism. In an orb-weaving nephilid spider Nephila 
pilipes, males deposit fine silk onto the female carapace in-between copulation 
bouts. It is hypothesized that the fine silk may contain propitiatory chemical 
compound that calm down aggressive females to reduce sexual cannibalism.   In 
Chapter 7, I tested this hypothesis by manipulating the chemo- and tactile receptors 
females of N. pilipes. The results have been published in the journal Animal 







ACTIVE CHEMICAL DEFENCE IN ANIMALS 
 
 
Abstract. Chemical defence is a common defensive strategy in animals.  It can be 
defined as passive chemical defence and active chemical defence. Passive chemical 
defence refers to situations, where animals excrete chemicals for defensive use after 
being attacked, and it is widely reported in many animal taxa. When actively defending, 
however, animals facultatively produce chemicals to deter predators, fend off pathogens, 
or drive competitors away before their interests are jeopardized. However, active defence 
has been less studied comparatively. In this chapter, I review empirical literature on the 
cases of active chemical defence that have been reported so far to clarify important 
unanswered questions for future research, and also analyse the origin of these behaviours 
from an evolutionary perspective. Key avenues for future research are suggested. 
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2.1. Introduction  
 
To avoid predation by natural enemies, animals have evolved to take many defensive 
mechanisms, such as camouflage, mimicry, fast-running, using weapons (Edmunds 
1974).  Chemical defence is a strategy where animals employ chemical agents to defend 
themselves, their kin, or their offspring against attacks from predators, pathogens, or 
competitors (Eisner et al. 2005a). Much research on chemical defence has focused 
primarily on chemicals that are released by animals after they have been attacked 
(reviewed in (Eisner et al. 2005a) and (Wyatt 2003)]. This kind of chemical defence, in 
fact, is a passive response to attacks.  However, there are also many other cases of 
chemical defences, in which animals purposely apply chemicals to defend against 
predation before they have been attacked. This kind of chemical defence can be defined 
as active chemical defence, which has been largely understudied. Consequently, we lack 
an explicit theoretical framework for active chemical defence in animals, and there has 
been no attempt to systematically review the diversity of active chemical defences in 
animals.  Here I outline the meaning of active chemical defence, and discuss why the 
existence of active chemical defence is so widespread in animals by reviewing the 
empirical literature on active chemical defence. I ask how this defensive mechanism has 
evolved and discuss if it is related to cognitive ability of animals.  
 
I define active chemical defences as the mechanisms by which animals actively 
use chemical agents to deter predators, fend off pathogens, and drive competitors away 
before their interests are compromised, rather than excreting chemicals to defend after 
being attacked (Wyatt 2003). These chemicals can be self-produced or externally 
sequestered.  However, endogenous factors such as immune factors and antimicrobial 
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peptides, which take effect inside of animals, are beyond the scope of this review. 
Chemicals that are produced by internal symbiotic microbes and then applied by animals 
are also included. The purpose of this review is thus to illuminate the ways by which 
animals actively through chemicals defend themselves, their kin, and their offspring 
against predators, parasites, and competitors from the perspective of the protected targets 
(Table 2-1).   
 
2.2. Chemical defence in protecting animals themselves 
 
2.2.1. Application of externally derived chemicals 
 
By interacting with their living environment, many animals have acquired the ability to 
take advantage of external sources such as toxins from other animals or plants for their 
own defensive use (Table 2-1). Coating fur or skin with chemicals derived from plants 
or other animals as a weapon is one of the most important strategies in nature. For 
example, some animals acquire defensive toxins from other animal species and apply 
these toxins to their body surface to defend against potential predators or pathogens. It is 
reported that hedgehogs (Atelerix pruneri, Hemiechinus auritus and Erinaceus europeus) 
bite and chew the skin of Bufo toads, stimulating toads to release their toxin and anoint 
the mixture of toxins and saliva over their dorsal spines, making pricks from hedgehog 
spines more painful and irritating, so that to enhance their own mechanical anti-predatory 
adaptations (Brodie 1977; Poduschka & Firbas 1968) (Table 2-1).  Among primates, 
capuchin monkeys, Cebus olivaceus, wipe themselves with benzoquinone-secreting 
millipede, Orthoporus dorsovittatus, serving as chemical deterrents of insects, especially 
against mosquitoes (Valderrama et al. 2000; Weldon et al. 2003). It is also known that at 
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least 200 species of birds (mostly passerines) display “anting” behaviour, in which they 
grasp ants (mostly formicines) and wipe them onto their plumage, or allow them to crawl 
over it. Through this behaviour, these birds can get rid of ectoparasites (Chisholm 1959; 
Ehrlich et al. 1986; Potter 1970). ‘Anting’ does not necessarily have to be carried out 
through using ants though. ‘Anting’ tools can be all kinds of arthropods such as 
Callioniara falcifera caterpillars (Wenny 1998), Gymnostreptus sp. millipedes (Sazima 
2009), bombardier beetles (Eisner et al. 2005b), and even garlic snails (VanderWerf 
2005). However, the function of anting has been widely disputed since there is no 
evidence to show whether chemicals applied by “anting” really have parasite-control 
effects (Revis & Waller 2004) or “anting” is just a prey-disarming strategy (Eisner & 
Aneshansley 2008; Eisner et al. 2005a; Judson & Bennett 1992). 
 
In addition, some animals can also use plant-originated toxins for fur-rubbing or 
self-anointing, so-called self-medication [reviewed in (de Roode et al. 2013)] (Table 2-
1). Most of these studies have focused on primates. For example, capuchin monkeys are 
known to rub their fur with several species of medicinal plants that contain anti-insect 
chemicals (Baker 1996). Actually these monkeys prefer two kinds of items, pungent such 
as citrus, pepper, tobacco, onion and garlic or stimulating such as citrus juice, even ice 
(Baker 1996; Longino 1984; Nolte 1958). White-nosed coati (Nasua narica) also groom 
themselves and other group members with resin of plant (Trattinnickia aspera), which 
may be used for defence against parasites (Gompper & Hoylman 1993). Other primates 
such as chimpanzees and baboons are also found to use plant toxins [reviewed in (Hart 
2005) and (de Roode et al. 2013)]. However, what chemical compounds take effect in 
fending off the insects has been largely unknown.  
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To apply plant toxins on the body surface for defence against large natural 
predators, African crested rats, Lophiomys imhausi gnaw, gnaw and masticate the roots 
and bark of Acokanthera schimperi trees, and slaver the compounds onto their highly 
specialized spiny hairs to deter larger mammalian predators (Kingdon et al. 2012). Toxin 
acquisition from plants by L. imhausi shows the adaptation of mammals to take 
advantage of plants for defence against their predators. Such extraordinary abilities may 
have been acquired by a long period of time of co-evolution between plants and 
predators. This direct employment of plant toxins for defence may be much more 
widespread in mammals and other animals than originally thought.  
 
Many cavity nesting birds and a few mammals are known to add some fresh plant 
materials to their nests, creating an effect of nest fumigation to defend against parasites, 
including mites, mosquitoes, and fleas (Hart 2005; Lafuma et al. 2001; Shutler & 
Campbell 2007) (Table 2-1). Passerine birds are also known to use pungent vegetation in 
their nests that may help them to rid the nest of bacteria, parasites and microbes that 
could be harmful to the fledglings (Clark & Mason 1985; Clark & Mason 1987). 
However, such benefits can not be generalized for all ‘fumigant’-utilising species. Tree 
swallows (Tachycineta bicolor), for instance, use green leaves of yarrow (Achillea 
miffefolium) in their nests, but high levels of infestation by fleas and high number of 
blow flies are still found in their nests (Dawson 2004). These fumigation behaviours are 
probably the adaptation to the heavy load parasites in the nests, where the temperature, 
humidity and availability of hosts are all suitable for the reproduction of the parasites. 
However, it is not clear how animals know which plant can be used as fumigation 
material. It is possible that these animals know the medical use of those plants through 
the nest construction, because they may know what kinds of plants are good to their 
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health after using and share the knowledge with each other, or learn lessons from sexual 
selection in some species, because females may choose the one whose nest contains the 
medical plants (Hart 2005).    
 
It is not rare for arthropods to acquire defensive compounds from plants, but 
direct applications of plant chemicals against predators or parasites have seldom been 
reported. For example, stingless Trigona bees in Borneo apply plant-originated terpenes 
on their cuticles, which can effectively fend off ants. These bees also apply resin like 
sticky substance on their nest entrance, which can entangle predators such as ants and 
termites (Lehmberg et al. 2008; Roubik 2006). Ants are among the most dominant 
predators in tropical lowland rainforests (Hölldobler & Wilson 1990), where stingless 
bees are also abundant (Lehmberg et al. 2008). Under such a predation pressure, these 
bees have evolved such pre-emptive chemical defence for themselves as well as their 
colonies against ants. However, it remains to be shown what chemicals have been used 
for defence and how they work. More importantly, the adaptive advantages of acquiring 
chemicals from other sources as defences against predators or parasites remain to be 
demonstrated.  
 
2.2.2. Application of self-produced chemicals 
 
Animals also use self-produced chemicals for external defensive purposes (Table 2-1). 
Fecal matter is usually discarded and avoided by most animals because they may carry 
parasites or pathogens, but some animals actively use their feces as defensive weapons. 
For example, tortoise beetle larvae (Chrysomelidae: Coleoptera) construct a defensive 
packet to cover their back with their own feces to prevent attacks from predators such as 
19 
ants (Eisner & Aneshansley 2000; Eisner et al. 1967; Gómez et al. 1999; Morton & 
Vencl 1998; Vencl et al. 1999; Vencl & Morton 1998).  
 Other self-produced defensive secretions include uropygidial secretions (Table 2-
1). Birds are well known to use external gland excretions to defend against predators and 
parasites. For example, Upupa epops and Carpodacus mexicanus apply uropygial oil on 
their skin and feathers to chemically fight against external pathogens (Martín-Vivaldi et 
al. 2010; Shawkey et al. 2003; Soler et al. 2008). In this case, the symbiotic bacteria are 
responsible for antimicrobial chemicals of the secretions due to the bacteriocins they 
produced (Martín-Vivaldi et al. 2006; Martín-Vivaldi et al. 2010). Other species such as 
the green wood hoopoes (Phoeniculus purpureus, Phoeniculidae) preen their feathers 
with uropygial secretions to defend against predators due to the pungent odour (Burger et 
al. 2004). However, some species can produce toxins by themselves rather than via 
symbiotic bacteria. For example, many species of the genera Pitohui and Ifrita produce 
highly poisonous neurotoxins known as batrachotoxins (BTXs) (Dumbacher et al. 2000; 
Dumbacher et al. 2008; Dumbacher et al. 1992). The BTXs are applied to their skins and 
feathers to defend against predators and ectoparasites such as feather degrading bacteria, 
fungi, feather mites, and feather-chewing lice (Dumbacher 1999).  
 
Although many bird species can produce BTXs, the origins of these chemicals 
have yet been examined. Crested auklet, Aethia cristatella, emits a citrus-like odorant 
that is dominated by even-numbered aldehydes (6–12 carbons), which strongly repel 
mosquitos and ticks (Douglas 2006; Douglas et al. 2005). They can also transfer 
chemicals to other conspecifics by alloanointing, distributing aldehydes over the other 
individuals’ heads, necks, and faces where the birds can not self-preen (Douglas 2008). 
The neurotoxin level varies among different species, and even within the same species of 
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crested auklets, depending on different habitats and biotic factors such as temperature 
and altitude (Dumbacher et al. 2008). This suggests that environmental factors rather 
than genetic factors may be responsible for the production or sequestration of these 
unusual toxins.  
   
2.2.3. Chemical camouflage and chemical deception for defence 
 
Some animals show extraordinary aptitude to carry out chemical camouflage, in which 
they coat themselves with scents of predators that are higher in trophic level than their 
own predators (Table 2-1). For instance, Siberian chipmunks, Eutamias sibiricus, exhibit 
a so-called snake-scent application behaviour, in which they bite and gnaw the surface of 
snake carcasses. They then add the gnawed bits to their own body fur, in the manner of 
self-grooming. They have also been observed to use the urine of snakes. The scent of 
snakes may thus prevent them from being attacked by other carnivorous mammals 
(Kobayashi & Watanabe 1986). 
 
Some animals can avoid detection from predators by applying the scent of 
predators on its body (Table 2-1). For example, ground squirrels, Spermophilus spp., 
apply rattlesnake (Crotalus spp.) scents on their body surface by vigorously licking their 
fur after having chewed on shed rattlesnake skin. By such olfactory camouflage, ground 
squirrels can conceal their own odours from these chemosensory predators, thus reducing 
the risk of rattlesnake predation (Clucas et al. 2008a; Clucas et al. 2008b). This 
behaviour is adopted by many other ground squirrel species (Clucas, Ord & Owings 
2010). However, the initial selection sources that have been lead to the evolution of these 
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scent application behaviours are still elusive. Perhaps it occurred in response to predation 
by a now extinct reptilian or mammalian carnivore (Clucas et al. 2010).  
 
Chemical deceptions are also found in other taxa (Table 2-1). For example, coral 
reef anemone fishes are known to have a protective mucous coat which enables them to 
contact the tentacles of their host anemone without being stung. The mucous acts as 
chemical camouflage or macromolecular mimicry preventing “not-self” recognition by 
the sea anemone and nematocyst discharge (Elliott et al. 1994). This chemical deception 
obtained by association with sea anemone is also reported in crustaceans (Mebs 2009).  
However, it is unclear how these animals acclimate to sea anemone. It is assumed that 
animals may obtain chemical deception through intake of anemone antigens into, or on, 
their mucous coat, so as to gain the immunity (Mebs 2009).   
 
2.3. Active chemical defence in habitat/nest/den protection 
 
Using chemicals to label the territory is common in animals, especially in mammals, 
which are known to use urine, feces, or the secretion of specialized skin glands to mark 
their territories (Gosling & Roberts 2001) (Table 2-1). Scent marking forms a central 
part of many ritualized contests between territorial males or between competing groups 
(Wyatt 2003). Many animals have adopted this strategy to avoid or minimize the level of 
aggressive interactions, thereby reducing the associated costs (Smith 1982; Smith & 
Parker 1976). By assessing in advance their potential opponents, individuals may predict 
the outcome of a fight and decide whether to initiate aggression or retreat (Gosling & 
Roberts 2001). For example, otters deposit spraints and urine in their territories, so as to 
claim their ownership and drive potential competitors away (Lutra lutra: (Almeida et al. 
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2012; Gorman 1984); female coastal river otters Lontra canadensis: (Ben-David et al. 
2005). Eurasian beaver Castor fiber and North American beaver C. canadensis mark 
castoreum excreted from castor sacs and anal glands on their territory borders for 
defensive purpose (Rosell & Sundsdal 2001; Rosell et al. 1998). Similar examples can be 
found abundantly in literature, e.g., wolf Canis lupus (Peters & Mech 1975), 
Madagascan ring-tailed lemur Lemur catta (Bradbury & Vehrencamp 1998; Jolly 1966), 
mongoose Cynictis penicillata (Wenhold & Rasa 1994), hyaenas Hyaena brunnea 
(Gorman & Mills 1984) and Crocuta crocuta (Kruuk 1972), mole Talpa europaea 
(Gorman & Stone 1990), hartebeest Alcelaphus buselaphus (Gosling & Roberts 2001; 
Gosling 1990), house mouse Mus musculus domesticus (Drickamer 1995; Hurst 1993), 
salamander Palethodon cinereus (Jaeger & Gabor 1993; Simons et al. 1997), Bengal 
tiger Panthera tigris (Burger et al. 2008), European wildcat Lacertavestris (Piñeiro & 
Barja 2012), red foxe Vulpes vulpes (Fawcett et al. 2013), and common marmoset 
Callithrix jacchus (Lazaro-Perea et al. 1999).  
 
 Territory marking strategies are also adopted by invertebrates. For example, 
African weaver ants (Oecophylla longinoda) mark their territory with colony-specific 
pheromones in faecal material (Hölldobler & Wilson 1977; Hölldobler & Wilson 1978). 
By marking foraging track, ladybird (Harmonia axyridis) larvae reduce the risk of 
cannibalism and avoid areas where the resource abundance had been reduced by 
previous larvae (Meisner et al. 2011).  
 
 Active chemical defence is also used by animals in nest protection. The nest of 
the social wasp Mischocyttarus drewseni consists of a simple paper comb suspended by a 
narrow vertical stem 2- 3 cm long.  Female wasps apply ant repellent secretion to the 
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nest stem by rubbing the tuft of hair on the terminal sternite against it, which can 
effectively fend off invasive ants (Monomorium pharaonis) (Jeanne 1970). This 
behaviour is also observed in the wasp Polistes fuscatus (Post & Jeanne 1981; Post et al. 
1984). Honeybees (Apis mellifera) use Clusia plant resin as a nest construction material, 
which is also highly toxic to honeybee pathogens (Lokvam & Braddock 1999). It is also 
reported that dwarf honeybees (A. florea and A. andreniformis) apply plant resin to 
construct barrier around the surfaces of the branches to which their comb is attached, 
which can deter the predatory ant Oecophylla smaragdina (Duangphakdee et al. 2009). 
 
2.4. Active chemical defence in mating right protection 
 
2.4.1. Preventing females from re-mating with competitors 
 
Traditionally, active chemical defence is considered as a defensive mechanism to counter 
against predators, parasites, and pathogens. Actually, this mechanism can also be used 
between males and females if one has taken recent sexual conflict theory into 
consideration, because there is interest conflict between males and females during 
reproduction in many animals (Arnqvist & Rowe 2005). Thus in theory, it is possible 
that males use active chemical defence to protect their own interests or vice versa.  To 
win paternity, males have evolved varieties of strategies, including mate guarding (Kralj-
Fišer et al. 2011), genital mutilation and plugging (Nessler et al. 2009), sperm replacing 
(Eberhard 2009), and facultatively using chemicals (Huigens et al. 2010). In some 
species, males may apply anti-aphrodisiac pheromones or inject male accessory gland 
substances on the sexual organ of females to induce female monogamy (Table 2-1). For 
example, white butterfly (Pieris brassicae) males transfer the anti-aphrodisiac 
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pheromone, benzyl cyanide, to females during mating so as to decrease the attraction of 
females to other mate-searching males (Huigens et al. 2010). This mechanism has been 
reported in a variety of insects, including beetles (Happ 1969; Schlechter-Helas et al. 
2011), other butterflies (Andersson et al. 2000; Andersson et al. 2003; Gilbert 1976; 
Schulz et al. 2008; Wedell 2010), flies (Kyriacou 2007; Swailes 1971), mosquitoes 
(Barth & Lester 1973), bees (Kukuk 1985), bugs (Harraca et al. 2010; Zhang & Aldrich 
2003), and locusts (Seidelmann & Ferenz 2002; Seidelmann et al. 2005). In some 
species, anti-aphrodisiac pheromones are used as self-marking volatile by reproductive 
males in order to avoid homosexual harassment (Seidelmann et al. 2005).  
  
 In addition, anti-aphrodisiacs can also be transferred by means of nuptial gifts. 
Nuptial gifts are material donations transferred from a male to a female during courtship, 
which may increase male reproductive success by attracting females, facilitating 
coupling, and/or maximizing ejaculate transfer (Gwynne 2008). However, in some 
species, males also use nuptial gift as anti-aphrodisiacs to decrease the attractiveness of 
females (Table 2-1). For example, the gelatinous nuptial gift of male decorated crickets, 
Gryllodes sigillatus, contains glycine, which inhibits female sexual receptivity by 
delaying in remounting and remating of females (Gordon et al. 2012). Thus, it would be 
advantageous for males to guard against sperm competition by labeling their mates in 
this fashion, just as it would be advantageous for males to discriminate against the 




2.4.2. Winning dominance in sperm competition 
 
Active chemical defence is also involved in sperm competition (Table 2-1). In 
polyandrous insects, sperm precedence is common. To win paternity, late males usually 
replace previous males’ sperm by the chemicals or proteins contained in the seminal 
fluid, named as seminal toxins (Chapman et al. 1995; Clark et al. 1995; Harshman & 
Prout 1994). In the land snail Euhadra quaesita, the male drives its love-dart(s) into its 
mating partner; at the same time, the dart transfers some of its mucous coating into the 
partner’s blood, which can suppress subsequent mating in its recipient, thus granting 
sperm donors to have advantages in sperm competition (Kimura et al. 2013). This 
phenomenon is also reported in the brown garden snail Cantareus aspersus, in which by 
injecting mucus, the male can double its paternity (Chase & Blanchard 2006), probably 
via the inhibition of sperm digestion (Koene & Chase 1998). Injecting a substance 
together with sperm to influence the female’s productive system is also found in other 
simultaneous hermaphrodites, such as earthworms (Lumbricus terrestris) (Koene et al. 
2005), and sea slugs (Siphopteron quadrispinosum) (Anthes & Michiels 2007). However, 
few such chemical compounds have been identified. These compounds can take effects 
together with seminal fluid proteins (SFPs), which can affect a female recipient’s egg 
production, alter her immune response, and facilitate storage and utilization of sperm and 
mating plug formation, uterine conformational change, and sperm protection during and 
after transfer to females (Avila & Wolfner 2009; Koene et al. 2010; Lung & Wolfner 
2001; Xu et al. 2013). However, how such a mechanism has evolved is poorly 




2.4.3. Protecting females from their natural enemies 
 
Males may protect their mates from natural enemies by bestowing chemicals to them 
(Table 2-1). For example, in the moth Cosmosoma myrodora, males acquire 
pyrrolizidine alkaloid by feeding on the excrescent fluids of certain plants, and discharge 
the alkaloid-laden filaments as nuptial gifts on the female in bursts during courtship, thus 
protecting females from spiders (Conner et al. 2000). Most of the studies on nuptial gifts 
have focused on the relationship between their quality and the suitors’ success, but few 
have paid attention to their function in fending off predators.  
 
 Active chemical defence may be also used by males in countering female 
cannibalism during courtship and/or mating (Table 2-1). For example, in the giant orb-
weaving spider (Nephila pilipes), males exhibit mate-binding behaviour, in which the 
males deposit fine silk onto the female’s body in between copulation bouts. The 
chemicals deposited in the silk serve as an appeasement for calming down the females. 
By carrying out mate binding, males reduce both female resistance to repeated mating 
and levels of sexual cannibalism (Zhang et al. 2011). Active chemical defence in 





2.5. Active chemical defence in egg protection 
 
2.5.1. Direct application of exogenous chemical sources 
 
Eggs are valuable products for animals because they are directly related to animals’ 
fitness. It is thus not surprising that active chemical defence of eggs is common in 
animals. For arthropods, eggs are generally threatened by three categories of enemies: 
predators, parasitoids, and pathogens (Eisner et al. 2008). Defensive chemicals on eggs 
can be provided either by the female, the male, or both sires (Hilker & Meiners 2002) 
(Table 2-1). For example, the green lacewing (Ceraeochrysa smithi) actively applies a 
mixture of long-chain fatty acids on its egg stalks to keep ants off the eggs (Eisner et al. 
1996). The moth (Utetheisa ornatrix) uses pyrrolizidine alkaloid (PA), which is 
sequestered from its food plants during larval stage, to protect its eggs against 
parasitization by the chalcidoid wasp (Trichogramma ostriniae) (Bezzerides et al. 2004) 
and the larva of the green lacewing (Ceraeochrysa cubana) (Eisner et al. 2000). The PAs 
can also be sequestered by Ceroplastes albolineatus (Coccidae) from its host plant 
Pittocaulon (ex Senecio) praecox (Asteraceae) to protect its eggs against parasitoids 
(Loaiza et al. 2007). In ladybird beetles, Menochilus sexmaculatus and Coccinella 
transversalis (Agarwala & Yasuda 2001), and Epilachna paenulata, both females and 
males endow alkaloids to their eggs in that males also transfer defensive chemicals to 
females during mating (Camarano et al. 2009).  
 
 However, animals can also sequester defensive chemicals from their prey. For 
example, female Photuris fireflies sequester the defensive lucibufagin from the Photinus 
prey, another species of firefly, and endow the chemicals to their eggs, making the eggs 
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essentially unacceptable to predators such as larvae of a coccinellid beetle (Harmonia 
axyridis) and an ant (Leptothorax longispinosus) (González et al. 1999).  
 
2.5.2. Application of endogenous/self-produced chemical sources 
 
Animals also employ internally originated chemicals to protect their eggs or offspring 
(Table 2-1).  In marine species, the large orange embryos of the brooding sea stars 
(Diplasterias brucei) and the brooded sponge eggs of the Antarctic sponges (Isodictya 
setifera) are known to be unpalatable to several sympatric invertebrate predators, 
suggesting the possibility of chemical defence (McClintock & Vernon 1990; McClintock 
& Baker 1997). The eggs of coral (Pachyseris speciosa) are also chemically distasteful 
to planktivorous fish (Pomacentrus moluccensis) (Baird et al. 2001). In insects, a 
common mode of egg defence in the Coleoptera involves a secretion, often containing 
faecal material, with which females coat their eggs. For instance, chrysomelid beetles 
(Microrhopulu vittutu) cover their egg masses with faeces, which can significantly 
reduce egg mortality (Damman & Cappuccino 1991).  
 
 To counter against the infection of microbial pathogens, many animals use self-
produced chemicals to cover their eggs such as mucus (Table 2-1). Mucus normally is 
made up by a network of proteins, polysaccharides and water (Stabili et al. 2009).  For 
instance, the epidermal mucus plays a significant role in protection against pathogenic 
infections and anti-microbials in several fish species such as winter flounder 
(Pleuronectes americanus) (Cole et al. 1997), darter (Etheostoma crossopterum) (Knouft 
et al. 2003), tench (Tinca tinca), eel (Anguilla anguilla), and rainbow trout 
(Oncorhynchus mykiss) (Austin & McIntosh 1988; Ebran et al. 2000). Fringed darter 
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males usually cover females’ eggs with mucus, which contains anti-microbial chemicals 
so that can significantly reduce rates of fungal and/or bacterial infection of eggs and 
consequently increase egg viability (Knouft et al. 2003). This behaviour is also observed 
in redlip blenny (Ophioblennius atlanticus atlanticus), and peacock blenny (Salaria pavo) 
(Giacomello et al. 2006; Pizzolon et al. 2010). These species are members of different 
orders, suggesting that the presence of anti-microbial chemicals in fish mucus is not 
phylogenetically constrained and such chemicals may be ubiquitous among fishes. These 
chemicals serve as a first line of defence against pathogens. Because nest-guarding fishes 
are in contact or close proximity to their eggs, anti-microbial chemicals in fish mucus 
may serve an adaptive purpose by preventing microbial colonization of eggs. Besides, 
glue-like secretion produced by the kidneys of the male three-spined stickleback 
(Gasterosteus aculeatus) inhibits the growth of fungi and bacteria and appears to protect 
eggs from infections (Little et al. 2008).  
 
 Defensive mucus has also been found in terrestrial species (Table 2-1). For 
example, the harvestman Iporangaia covers its eggs with mucus, which enhances the 
survival of eggs from predation of ants and fungus (Requena et al. 2009). The eggs of 
eastern newt Notophthalmus viridescens contain some toxins, which are unpalatable to 
its predator bluegill Lepomis macrochirus (Marion & Hay 2011). This mechanism is also 
found in other amphibian species. For example, eggs of the toad Bufo valliceps contain 
cardiotoxic bufodienolides (Licht 1968), and Taricha newt eggs contain tetrodotoxin 
(Hanifin et al. 2003).   
 
 The overwintering eggs of leaf beetles (Galeruca tanaceti) contain defensive 
chemicals, anthraquinones and anthrones, which are biosynthesized by females, and 
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passed to eggs (Blum & Hilker 2008; Pankewitz & Hilker 2006). Egg clusters of leaf 
beetles (Gastrophysa cyanea) contain substantial quantities of oleic acid (40 ug in a 
single egg), which functions as an effective feeding deterrent for foraging ants (Howard 
et al. 1982).  
 
2.5.3. Defend against competition from conspecifics 
 
After laying an egg inside a host, such as a fruit or a caterpillar, many species of parasitic 
insects, especially parasitoids wasps, leave a pheromone mark (host-marking pheromone, 
HMP) on or in the host. Other female conspecifics may avoid laying eggs in these 
marked hosts after detecting such pheromones, a behaviour called “host-discrimination” 
(van Lenteren 1981). For instance, the blueberry maggot fly, Rhagoletis mendax Curran 
(Diptera: Tephritidae), deposits eggs individually into blueberries and then marks the 
fruit surface with HMP, which discourages conspecific females to lay eggs in the same 
fruit (Stelinski et al. 2009). Unlike the classic territorial marking pheromones that confer 
the information of current possessor’s presence, HMPs signal the presence of non-
signaling offspring (Hoffmeister & Roitberg 2008).  
 
 HMPs have evolved independently in about 200 species of parasitoid wasps and 
more than 30 species of phytophagous insects across several orders of insects, including 
Diptera, Coleoptera, and Lepidoptera [reviewed in (Hoffmeister & Roitberg 2008; Nufio 
& Papaj 2001; Wyatt 2003)]. The primary function of HMPs is to avoid superparasitism, 
by the same female or conspecific females, and HMPs usually occur in the condition in 
that the likelihood of re-countering exploited sites is high, the host resources are not 
enough to support the development of high number of parasitoid larva, and the cost of 
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competition for the first larva at a site overweighs any physiological costs associated 
with the host marking (Hoffmeister & Roitberg 2008). In these situations, evolution 
would favor both marking by ovipositing females and the ability of females to detect 
marks previously left by other females. It is critical for a receiver to identify HMPs from 
the signaler accurately. This is because if HMP is broad-spectrum, it may be 
eavesdropped by predators, or taken advantage by interspecies of competitors. However, 
such eavesdropping cases have rarely been reported so far. Since HMPs can effectively 
repel conspecific females, they can be used in agriculture as a new type of pesticide to 
disturb the egg-laying behaviour of certain pest such as the blueberry maggot fly. 
However, this kind of application has rarely been explored.  
 
2.6. Active chemical defence in food resource protection 
 
Food hygiene is important for animals, especially for early developmental stages of 
insects to evade the threats of antagonistic microbes. Food resource that has been 
contaminated with spoilage or pathogenic microorganisms also poses severe threats to 
the owners. Thus, larvae of many insect species excrete anti-microbials to actively 
eradicate the pathogens from their food resources (Table 2-1). For example, larvae of the 
parasitoid ichneumonoid wasps (Pimpla turionellae) discharge an anti-microbial anal 
secretion inside their lepidopteran host pupae to secure their survival from infection of 
bacteria and fungi (Führer & Willers 1986). Recently, Herzner et al. (2013) reported that 
the emerald cockroach wasps (Ampulex compressa), which parasitize American 
cockroaches (Periplaneta americana) to develop their larvae, showed a food-hygienic 
behaviour, in which they excrete large amounts of oral secretion containing a blend of 
anti-microbials inside the host to inhibit the growth of microbes.   
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 This strategy is also used by other insects (Table 2-1). For example, adult 
burying beetles of the genus Nicrophorus use anti-microbial oral and anal exudates to 
protect the carrion that serves as larval food from microbes (Cotter & Kilner 2009; 
Degenkolb et al. 2011; Rozen et al. 2008). Spruce beetles (Dendroctonus rufipennis) use 
antifungal oral secretions to minimize the threat to their young from competing fungi 
(Cardoza et al. 2006), while wood ants (Formica paralugubris) carry solidified 
coniferous resin back to their nests, which contains complex mixture of terpenes, for use 
as both an anti-fungal and anti-bacterial agent (Chapuisat et al. 2007; Christe et al. 2003). 
This strategy grants protection against antagonistic microbes during development of their 
larva.  
 
 Prominently, all fungi-cultivating insects, including ants, termites, and ambrosia 
beetles are known to actively take chemical defence strategy to maintain their cultivars 
[well reviewed by (Mueller et al. 2005)]. For example, to protect their agricultural 
system from pathogens, attine ants use antibiotics from mutualistic bacteria 
(Pseudonocardia) or produce an array of antibiotic compounds [e.g., myrmicacin (3-
hydroxydecanoic acid)] from metapleural glands (MGs) to serve as a general defence 
against unwanted microbes on the cuticle and their gardens (Currie et al. 2006; 
Fernández-Marín et al. 2006; Fernández-Marín et al. 2009; Haeder et al. 2009; Mueller 
et al. 2005). 
 
 The food hygiene behaviour may have evolved under the strong selection of 
unwanted microbes, because the food resources often contain many microorganisms, 
Resource owners thus often apply a mixture of large quantity of broad-spectrum anti-
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microbials, which can defend against many kinds of microbes, such as various Gram-
positive and Gram-negative bacteria, mycobacteria, viruses, yeasts, and filamentous 
fungi (Herzner et al. 2013). The application of chemicals can be seen as the result of an 
evolutionary arms race between the resource holders and pathogenic microorganisms 
over long periods of evolutionary time.   
 
 In addition, some animals show extraordinary ability to protect their food from 
other competitors by chemicals. The golden orb web spider Nephila antipodiana applies 
a pyrrolidine alkaloid (2-pyrrolidinone) on its web silk, which can prevent invasive ants 
from traversing, thus protecting the food stored on the web or even the spider itself 
(Zhang et al. 2012).  
 
2.7. Conclusions and future research 
 
(1)  This review introduces a new concept, active chemical defence, for understanding 
the origin of chemical defence under different selection forces. Active chemical defence 
is found in both invertebrates and vertebrates.  In vertebrates, active chemical defence is 
mainly found in territorial defences. Most of the reported cases of active chemical 
defence are found in invertebrates, particularly in arthropods (Eisner et al. 2005a). The 
main difference between passive and active chemical defence lies on that active chemical 
defences normally have specific defensive targets, either a specific group of enemies, or 
competitive conspecifics, while passive chemical defences are usually used to defend 
against all generally potential enemies. This is why we put forward the definition of 
active chemical defences.  
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(2) Active chemical defences, like self-medication in animals reviewed in de Roode et al. 
(2013), are either learned response or an innate habit. For instance, the baby of hedgehog 
Atelerix albiventris displays the self-annointing behaviour before the eyes open. The 
embracing of this ability is probably an adaptation to the environment, induced by 
predators or competitors as the same as those inducible defences [reviewed in Harvell 
(1990)].  It is different from the cognition showed in some animals, which has evolved 
by learning from their conspecifics by interacting with them, such as danger-learning 
ability of American crows (Corvus brachyrhynchos) (Cornell et al. 2012), and the “tool-
using” ability showed in some animals, such as New Caledonian crows (Corvus 
moneduloides) poke wood-boring beetle larvae using twig or leaf stem (Rutz et al. 2010) 
or chimpanzee fish termite by sliding a  slender stick into a hole in their mound (Goodall 
1964).  
 
(3)  Most of the chemical compounds that have evolved in active chemical defences have 
been either unidentified, unverified by empirical experiments, or both (summaried in 
Table 2-1). Therefore it is necessary to investigate what specific compounds or what 
group of compounds have contributed to the effectiveness of such defences. In addition, 
the origin of active chemical defence can be examined by studying all the selection 
pressures from the environment where the animals and their potential predators live, 
which have been less considered from an evolutionary perspective before, and have been 
only reported in a few cases (Clucas et al. 2010). In theory, to counter the chemical 
defences of animals, predators may evolve some tactics to break the defences, which in 
turn cause the defensive animals to evolve more sophisticated chemical defences.  
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(4)  Some animals use single chemical compound to defend against a broad range of 
predators. For instance, Zhang et al. (2012) reported that golden web spider, N. 
antipodiana, deposits 2-pyrrolidinone on its web to deter at least three species of 
invasive ants, so that to protect both themselves and the food stored on the web. 
However, whether a single chemical compound can be used by many species has rarely 
been reported.  
 
(5) It is not clear how animals deal with the trade-off of active chemical defence. Active 
chemical defences require animals to use chemical compound before they encounter 
danger. It may be energetically cost. However, it is seldom reported on how stable those 
chemicals are and how often animals need to apply them. 
36 
Table 2-1. List of some reported cases of typical active chemical defences in animals 
Animal Species Origin of chemicals Chemicals Defend against Function References 
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garlic; stimulating 
such as citrus juice, 
even ice 
 









Nasua narica resin of plant 
Trattinnickia aspera  










roots and bark of 
Acokanthera 
schimperi trees 
























and a few 
mammals 
some fresh plant 
materials 





























































Vivaldi et al., 
2010; 
Shawkey, 
Pillai & Hill, 








Burger et al., 
2004 




















crested auklet  Aethia 
cristatella 

















































  conspecifics protect 
habitat 
 






































 Crocuta crocuta   conspecifics protect 
habitat 
Kruuk, 1972 













house mice Mus musculus 
domesticus 

















Bengal tiger Panthera tigris   conspecifics protect 
habitat 
























































self-produced Unidentified predators, 
especially ants 
protect nest Jeanne, 1970 
 Polistes fuscatus self-produced methyl  palmitate ants protect nest Post & 
Jeanne, 1981; 
Post et al., 
1984 
 
honeybees Apis mellifera Clusia plant resin  ants protect nest Lokvam & 
Braddock, 
1999 
       






 Pieris rapae 
 




































rove beetle Aleochara 
curtula 





















mosquitoes      Barth & 
Lester, 1973 
bees      Kukuk, 1985 















plant bugs Phytocoris 
difficilis 




















































































sea slug Siphopteron 
quadrispinosum 

















Conner et al., 
2000 





green lacewing Ceraeochrysa 
smithi 












parasitoids protect eggs Loaiza et al., 
2007 




















fireflies Photuris sp. prey lucibufagin predators such 
as larvae of a 
coccinellid 
beetle and ants 
 
protect eggs González, 
Hare & 
Eisner, 1999 
sea star Diplasterias 
brucei 










self-produced unidentified predators, such 
as planktivorous 
fish 











epidermal mucus unidentified pathogenic 
microbials 





mucus unidentified pathogenic 
microbials 
protect eggs Knouft, Page 
& Plewa, 
2003 
 Tinca tinca mucus unidentified pathogenic 
microbials 
protect eggs Austin & 
McIntosh, 
1988; Ebran 





mucus unidentified pathogenic 
microbials 




mucus unidentified pathogenic 
microbials 





mucus unidentified pathogenic 
microbials 




 Salaria pavo mucus unidentified pathogenic 
microbials 









mucus unidentified pathogenic 
microbials 




self-produced unidentified predator 
bluegill 
protect eggs Marion & 
Hay, 2011 
sea worm polychaete 
Sabella 
spallanzanii 
mucus unidentified pathogenic 
microbials 
protect eggs Stabili et al., 
2009 
harvestman Iporangaia sp. mucus unidentified ants and fungus protect eggs Requena et 
al., 2009 
48 
toad Bufo valliceps self-produced cardiotoxic 
bufodienolides   
predators protect eggs Licht, 1968 













leaf beetles Gastrophysa 
cyanea 
























































Herzner et al., 
2013 
burying beetles Nicrophorus  self-produced anti-
microbial oral and 
anal exudates 
























































microbes on the 
cuticle and their 
gardens 
 Currie et al., 
2006; 
Fernández-
Marín et al., 
2009; 
Fernández-
Marín et al., 
2006; Haeder 
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et al., 2009; 









2-pyrrolidinone deter ants from 
traversing   
protecting 
food stored 




Zhang et al., 
2012 
 




A NOVEL PROPERTY OF SPIDER SILKS: 
CHEMICAL DEFENCE AGAINST ANTS 
 
Abstract. Spider webs are made of silk, the properties of which ensure remarkable 
efficiency at capturing prey. However, remaining on, or near, the web exposes the 
resident spiders to many potential predators, such as ants. Surprisingly, ants are rarely 
reported foraging on the webs of orb-weaving spiders, despite the formidable capacity of 
ants to subdue prey and repel enemies, the diversity and abundance of orb-web spiders, 
and the nutritional value of the web and resident spider. We explain this paradox by 
reporting a novel property of the silk produced by the orb-web spider Nephila 
antipodiana (Walckenaer). These spiders deposit on the silk a pyrrolidine alkaloid (2-
pyrrolidinone) that provides protection from ant invasion. Furthermore, the ontogenetic 
change in the production of 2-pyrroliinone suggests that this compound represents an 
adaptive response to the threat of natural enemies, rather than a simple by-product of silk 
synthesis: while 2-pyrrolidinone occurs on the silk threads produced by adult and large 
juvenile spiders, it is absent on threads produced by small juvenile spiders, whose 







Chemical weaponry, including repellant or deterrent odours that reduce the probability 
the defending individual is killed or loses its resource, is a common defence mechanism 
among the myriad adaptations that have evolved in response to selection by natural 
enemies (Eisner et al. 2005a; Laurent et al. 2005). Among the most widespread form of 
chemical defensive chemicals are pyrrolizidine alkaloids, a class of plant-derived 
defence compounds that many herbivorous insects acquire from their food plants, and 
which are toxic or unpalatable to a vast array of potential predators (Clark et al. 2005; 
Hartmann 2008). Producing these chemical defences may be costly, perhaps reflected by 
the close link between their expression and the risk of predation at the population level 
(Feldman et al. 2009) or following enemy attack at the individual level (Tollrian & 
Harvell 1999).  Interestingly, individual adjustments of chemical defence mechanisms 
according to the risk of predation are not widely documented – in contrast with, for 
example, the vast literature on behavioural adjustments to predation risk [e.g. Lima and 
Dill (1990)].    
  
The silk produced by orb-web spiders (Araneoidea) has extraordinary properties 
(including high strength, elasticity and adhesion) that allows the web to be a highly 
efficient means of arresting prey (Craig 2003; Omenetto & Kaplan 2010). Many orb-web 
spiders store the remains of prey in their webs (Bjorkman-Chiswell et al. 2004), and 
these items, together with other prey entangled in the web, the protein-rich composition 
of silk (Craig 2003), and the resident spider itself, provide nutritional resources for 
predators and scavengers, particularly small kleptoparasitic Argyrodes spiders (Elgar 
1993; Koh & Li 2003). Ants can be major predators of spiders (Gillespie & Reimer 
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1993; Halaj et al. 1997; Vieira & Höfer 1994), and workers of some species invade 
spider webs, establishing foraging trails on the non-sticky silk strands to access large 
caches of food (Henschel 1998; Schneider & Lubin 1997).  Nevertheless, ants are rarely 
reported foraging on the webs of orb-web spiders, despite their diversity (Griswold et al. 
1998), abundance (Vollrath & Selden 2007) and vulnerability during molting (Baba & 
Miyashita 2006; Tanaka 1984), and the superabundance and formidable predatory 
capabilities of ants (Hölldobler & Wilson 1990).  
 
 Golden orb-web spiders Nephila antipodiana (Nephilidae) are found in forested 
areas, where they construct a prey-capturing orb-web within a silk frame of support and 
scaffold silk threads. The orb-web, which sustains damage and accumulates small prey 
items, is consumed and renewed by the resident spider every few days. The supporting 
silk frame can persist for several weeks or more, and ants intending to invade the orb-
web must first traverse these silk threads. While the structural properties of the silk, 
particularly the diameter of the threads, may prevent large ants from traversing the silk, 
other defences such as chemical deterrents may be necessary for smaller ants. The 
pharaoh ant, Monomorium pharaonis (L.) is a widespread, abundant pest (Oi et al. 
1994), and the very small workers are predators of spiders (Creighton 1950; Hölldobler 
& Wilson 1990). Pharaoh ants live in forested areas where N. antipodiana is found, 
including at our study site.  
 
 Here, we reveal a novel role of chemicals on the web silk of N. antipodiana in 
providing defence against ants, and in particular that these chemicals are deployed in 
response to increased risk of attack by ants. We report the presence of a pyrrolidine 
alkaloid, 2-pyrrolidinone on the silk of the orb-web spider N. antipodiana and 
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demonstrate that it deters workers of three species of myrmicine ants. Furthermore, we 
show that 2-pyrrolidinone is present on the silk threads produced by adult and large 
juveniles, but absent on threads produced by small juveniles, whose threads are 
sufficiently thin to be inaccessible to ants. We conclude that the production of 2-
pyrrolidinone is an adaptive response to the threat of natural enemies, rather than a 
simple by-product of silk synthesis.  
 
3.2. Materials and methods 
 
3.2.1. Study subjects 
 
We collected adult females, and large (body length > 4.1 mm) and small (body length < 
4.1 mm) juveniles of N. antipodiana from various sites (Kent Ridge Park, National 
University of Singapore, Labrador Nature Park) in Singapore. They were maintained 
individually in plastic frames (females and large juvenile: 100 × 100 × 30 cm; small 
juveniles: 30 × 30 × 30 cm) in the laboratory under controlled environmental conditions 
(temperature: 25 ± 1°C; relative humidity: 80 ± 10%; photoperiod: 12L: 12 D cycle, with 
lights on at 0800 and off at 2000 hours). Spiders were allowed to build their webs in the 
frames in the absence of any prey, thereby ensuring that any compounds extracted from 
the silk were not be contaminated by prey that had encountered the web. No spiders were 
used more than once. 
 
3.2.2. Chemical analysis 
 
We used gas chromatography-mass spectrometry (GC–MS) to identify the chemicals on 
the surface of the silk. We obtained silk from newly constructed spider webs that were 
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uncontaminated by prey items, using sterilized glass rods (Fisher Scientific, Pittsburgh, 
PA, USA).  We collected silk from single webs built by adult or large juvenile females (n 
= 21) or small juveniles (n = 20). The webs of adult and large juvenile spiders provide 
plenty of silk for each sample.  However, small juvenile spiders produce less silk and we 
employed three methods to ensure that an absence of ant-deterrent compounds on the silk 
produced by these spiders was not an artifact of small quantities of silk. Thus, for each 
method, we obtained two samples, each comprising (a) 2.5 mg silk spun by one or a few 
individuals of large juveniles (4.2 – 7 mm body length); (b) 2.5 mg silk spun by multiple 
small juveniles (2.1 – 4.0 mm body length); and (c) silk produced by ten different small 
juvenile spiders ranging from 1.8 – 4.3 mm in body length.  Each silk sample was placed 
in a 10 ml glass vial (Supelco, Bellefonte, USA) with 1 ml of methanol, and solvent 
extraction involved shaking the vial with the silk in the solvent for 10 min.  The extract 
was then concentrated by blowing nitrogen gas over the surface of the extract until the 
total amount of extract was 10 µl. 2 µl of each extract was inserted into a gas 
chromatography-mass spectrometry (GC-MS), using a 5R-GP syringe (SGE, Victoria, 
Australia). The mass spectra were obtained with a HP GC 6890+ series coupled with a 
MS 5973 detector. Zebron (ZB-1) polymethylsiloxane columns of 30 m × 250 µm × 0.25 
µm capillaries (Phenomenex, Torrance, USA) with Helium carrier gas of 1.5 ml /min 
were used. The injector port and detector temperature were maintained at 280°C. The 
separation protocol, developed to ensure good separation of the compounds for the 
analysis, started with an initial temperature at 50°C for 3 min, and then increased to 
280°C at a rate of 4°C min-1 and was held for 2 min. Subsequent comparative analysis 
was conducted using the NIST02 and WILEY 275 database for possible identification of 
any chemicals. The identified compound was compared with the reference compound 
(99% 2-pyrrolidinone, GC grade, Sigma-Aldrich, Bellefonte, PA, USA). Nitrogen-gas-
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concentrated methanol alone was used as a negative control to establish that no 
similar 
  
peaks or ions of the compound were present in the spectrum.  
We determined the concentration of 2-pyrrolidinone on the web silk by obtaining 
2.34 – 9.37 mg of silk from each individual web of adult or large juvenile females (n = 
7), and immersing the silk in methanol for 20 mins to extract 2-pyrrolidinone. We diluted 
the synthetic standard sequentially in methanol to concentrations of 0.1, 1, 10, 50 and 
100 mg ml-1, and 1 μl of each prepared solution was injected into the GC-MS to obtain 




3.2.3. Behavioural bioassays 
 
Behavioural bioassays were conducted to test whether the diameter of the silk or the 
presence of 2-pyrrolidinone deters ant workers from the silk threads produced by N. 
antipodiana. We initially used a natural population of pharaoh ants, M. pharaonis (body 
length: 1.5 – 2.0 mm), located in the laboratory. To confirm that 2-pyrrolidinone acts as a 
general deterrent, we tested two other species of ants, Pheidole angulicollis Eguchi 
(body length: 1.82 ± 0.03 mm, n = 25) and an unidentified species of Monomorium 
(body length: 1.42 ± 0.03 mm, n = 25), in field locations where N. antipodiana occurs.  
 
The bioassay apparatus consisted of a platform with a baiting station and three 
silk bridges: the sides of the baiting station were coated with a layer of FluonTM 
(Northern Products Inc, Woonsocket, RI, USA), which ensured that the silk bridges 
provided the only access to the bait (Figure 3-1a).  Each bridge (3 cm) comprised silk 
57 
from the scaffold thread of the webs of N. antipodiana that had been spun in the 
laboratory. Scaffold thread collected from each web was divided into five 3-cm samples: 
three samples were used as silk bridges for behavioural bioassays and the other two 
samples for measuring the diameter of the threads (see later text). The three silk bridges 
used in each trial were randomly allocated to one of three treatments: Deterrent removed, 
Deterrent added, and Control. The surface chemicals on the silk threads for the 
Deterrent removed and Deterrent added treatments were first removed by immersing the 
silk in 70 percent alcohol for 2 h, with the solution changed every ½ h, and subsequently 
baking the silk threads in the oven (70°C) for 48 h. In this way, there is an internal 
control, and the natural silk control provides a comparison. Starch was used to adhere the 
three silk bridges to the baiting station, and the complete apparatus was positioned 
adjacent to an ant colony. Freshly killed Musca domestica and Drosophila melanogaster 
were placed at the baiting station to attract ants, which could access the bait via the silk 
bridges.  All the silk bridges except the control were used by ants befoe either the 2-
pyrrolidinone dilution or distilled water was applied. After 2 h, when between 150 and 
200 ants had acculmulated around the prey, 1.5 μl of 2-pyrrolidinone (0.05μg dissolved 
in distilled water) was applied to the Deterrent added silk bridge, while 1.5 μl of distilled 
water were applied to each of the silk bridges of the Deterrent removed and Control 
treatments. We recorded the behaviour of ants over the next two hours, using a video 
recorder (Sony HDR-SR8), noting the number of ants that crossed each bridge.  The 
location of the silk bridge treatments was randomized across trials, and the silk bridges 
and all of the ants were destroyed at the end of each trial to prevent recognition and 
learning of chemical cues. The arena was cleaned with 70 percent ethanol and allowed to 




 The scaffold silk used to support the orb-web may be single and multi-stranded; 
so we conducted two experiments using workers of M. pharaonis. In the first 
experiment, each silk bridge comprised several threads of silk (15 trials), and in the 
second experiment, each bridge comprised a single silk thread (5 trials). 
 
We explained whether the deterrent effect of 2-pyrrolidinone persists over a 
lengthy time period by repeating the experiments using silk of different ages. The 
scaffold threads were collected and prepared as described earlier, and stored under 
ambient laboratory conditions for either 15 or 30 days. We then conducted the bioassays, 
as described earlier, using workers of M. pharaonis.  
 




We examined the relationship between the size of the spider and the diameter of her silk 
threads.  We measured the diameters of single-stranded and multi-stranded web silk 
threads under a scanning electron microscope (SEM, JSM-6510LV, JEOL, Tokyo, 
Japan). For each web, we collected two samples of 3 cm long scaffold silk threads each 
directly onto a piece of cardboard: one for measuring the diameter of a single-stranded 
thread and the other for a multi-stranded thread. We took five haphazardly selected, 
measurements for each silk sample. In addition, we also measured body length for each 









Figure 3-1. The bioassay chamber and ants crossing the silk bridge. (a) The bioassay chamber.  
Workers had access to and from the food source via different silk bridges that were constructed 
from the scaffold threads of webs of Nephila antipodiana. (b) A photo showing two Pheidole 
angulicollis workers crossing the bridge (Deterrent removed; top) constructed with the silk 
threads produced by adult N. antipodiana and one ant retreating upon contacting the bridge 








The compound 2-pyrrolidinone (Figure 3-2) was detected on the silk of all webs 
constructed by adults and large juveniles (body length > 4.1 mm, n = 21) of N. 
antipodiana, but not on the silk produced by small juveniles (body length < 4 mm, n = 
20). The quantity of 2-pyrrolidinone on the silk of adult and large N. antipodiana (n = 7) 






Figure 3-2. Total ion count of the GC-MS spectrum for the methanol extracts of web silk of 




The absence of 2-pyrrolidinone on silk produced by small juvenile N. 
antipodiana was not an artifact of small samples of silk: 2-pyrrolidinone was present in 
samples of 2.5 mg silk spun by large juveniles, but absent in both of two samples of 2.5 
mg silk produced by 10 small juveniles 
 
Table 3-1. The influence of the presence and absence of 2-pyrrolidinone on the number 









Number of ants    
Several strands of silk 
from adult spider 0 14.8 ± 1.1 0.6 ± 0.2 
Single strand of silk from 
adult spider 
0 16.2 ± 1.4 0 
 
Pharaoh ant workers frequently traversed bridges comprising silk threads without 
2-pyrrolidinone (deterrent removed), but rarely crossed bridges comprising silk bridges 
with 2-pyrrolidinone (deterrent added and control; Figure 3-3; Table 3-1).  This pattern 
emerged irrespective of whether the silk bridge was constructed of multiple threads 
(Fisher’s exact test: p < 0.0001; n = 15, Figure 3-3a) or a single thread (Fisher’s exact 
test: p < 0.0001, n = 5; Figure 3-3b). Workers coming into contact with silk that had 
been treated with 2-pyrrolidinone rapidly retreated, but we did not observe any instant 
toxic effects on the workers that contacted 2-pyrrolidinone during the trials. The age of 
the silk did not affect the efficacy of ant deterrence of 2-pyrrolidinone, with workers 
continuing to avoid both 15 and 30 day old deterrent added and control silk (Table 3-2).   
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Table 3-2. The effects of silk age on the number of trials in which at least one M. 
pharaonis worker crossed the bridges constructed with multiple silk threads produced by 
adult Nephila antipodiana females and subject to different treatments (see text) 
 





Control Fisher’s exact test 
0 (n = 5) 0 5 2 p = 0.009 
15 (n = 5) 0 5 1 p = 0.006 



















Figure 3-3. The influence of the presence of 2-pyrrolidinone on whether pharaoh ants traversed 
bridges of silk produced by adult or large juveniles and comprising either (a) multiple silk 
threads; and (b) a single silk thread. Fisher’s exact tests for all paired comparisons, p < 0.01; 
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Figure 3-4. Passage of spiders across bridges constructed with scaffold silk (Deterrent removed) 
and the diameter of silk produced by spiders of different sizes. (a) Mean (± s.e.m.) body lengths 
of adult (n = 8), small (n = 4) and large (n = 6) juvenile N. antipodiana used for the 
measurements of silk diameters (ANOVA: F2,15 = 77.753, p < 0.001); (b) Effect of the silk 
thickness (i.e. diameter) on the number of trials (Fisher’s exact test: p < 0.0001) in which at least 
one Monomorium pharaonis worker crossed the single-thread silk bridges constructed by adult (n 
= 5), large juvenile (n = 5) and small juvenile (n = 5) spiders; (c) Mean (± s.e.m.) diameter (µm) 
of the multiple-thread scaffold silk from the webs of N. antipodiana adults (n = 8), large 
juveniles (n = 6), and small juveniles (n = 4) collected in nature (ANOVA: F2,15=14.988, p < 
0.001); (d) Mean (± s.e.m.) diameter (µm) of the single-thread scaffold silk from the webs of N. 
antipodiana adults (n = 8), large juveniles (n = 6), and small juveniles (n = 4) collected in nature 
(ANOVA: F2,15
(a) 
=54.67, p < 0.001); (e) the number of trials in which at least one P. angulicollis 
worker traversed the bridges constructed with Deterrent removed and Control (i.e. natural) silk 
threads obtained from adult N. antipodiana (n = 5); (f) the number of trials in which at least one 
Monomorium sp. worker crossed the bridges constructed with Deterrent removed and Control 
silk threads produced by adult N. antipodiana (n = 5).  Post hoc Tukey HSD tests for all paired 
comparisons if ANOVA revealed a significant overall effect, and post hoc Fisher’s exact test for 
all paired comparisons if Fisher’s exact test showed a significant overall effect, p < 0.01; 
different low letters indicate the significance differences. 
a b c 
(c) 
a b c 
(d) 
a b c 
(b) 





 The mechanical properties of silk also affected whether pharaoh ants traverse the 
silk threads.  Bioassays with bridges made of scaffold silk threads produced by spiders of 
different sizes (ANOVA: F2,15 = 77.753, p < 0.0001; Figure 3-4a) and from which the 
deterrent had been removed revealed that pharaoh ant workers can cross the bridges 
constructed with silk threads produced by adults and large juveniles, but not the bridges 
constructed with silk threads produced by small juveniles (Fisher’s exact test: p < 
0.0001, n = 5; Figure 3-4b).  This difference is probably due to the diameter of the silk 
bridge, which depends upon the size of the spider:  the silk thread of adult females and 
larger juveniles is four to seven times thicker than that of small juveniles, irrespective of 
whether the bridge is constructed of multiple silk threads (ANOVA: F2,15 = 14.988, p < 
0.001; Figure 3-4c) or single silk thread (ANOVA: F2,15
 
 = 54.67, p < 0.001; Figure 3-
4d). 
We confirmed that 2-pyrrolidinone acts as a deterrent to two other species of 
ants: P. angulicollis and the unidentified species of Monomorium. Workers of P. 
angulicollis (body length: 1.6 – 2.1 mm) and Monomorium sp. (body length: 1.3 – 1.6 
mm) crossed deterrent removed bridges constructed with silk threads produced by adult 
N. antipodiana, but only one P. angulicollis worker (Fisher’s exact test: p = 0.048, n = 5; 
Figure 3-4e) and none of Monomorium sp. workers (Fisher’s exact test: p = 0.008, n = 5, 
Figure 3-4f) crossed the natural silk (Control) bridge produced by adult N. antipodiana. 
Workers of both species never crossed control and deterrent removed bridges constructed 






This is the first report of the production of chemical components on spider web silks that 
act as a deterrent against natural enemies, although similar properties have been widely 
suspected (Lewis 2006), but with mixed empirical support (Salles et al. 2006; Vollrath et 
al. 2002). The ontogenetic or size dependent addition of 2-pyrrolidinone is significant 
because it suggests the compound represents an active defence mechanism, rather than a 
general by-product of silk production: while 2-pyrrolidinone is present on the webs of 
adult and large juvenile spiders that are potentially vulnerable to ant invasion, it is absent 
on the silk produced by small spiders – presumably because their silk threads cannot 
support the movement of ants and thus do not require a chemical deterrent. While it is 
possible the other features of the silk, which might be altered by our experimental 
treatments (i.e. the solvent extraction and 48-h baking at 70°C), may also act as ant 
deterrents, our data indicate that 2-pyrrolidinone is the most important. 
 
The expression of 2-pyrrolidinone on silk according to the risk of natural enemies 
may reflect the costs of synthesizing this chemical deterrent, together with the metabolic 
or energy constraints faced by small spiders. Such phenotypic plasticity in the production 
of chemical defences in response to the risk of natural enemies is common in plants 
(Dicke & Hilker 2003), but not widely reported in terrestrial invertebrates (Tollrian & 
Harvell 1999). According to coevolutionary models of predator-prey interactions, we 
predict that 2-pyrrolidinone will be absent on silk produced by orb-weaving spider 
species that are typically less than 4 mm long or whose silk threads have a mean 
diameter of less than 3.06 µm. Conversely, 2-pyrrolidinone may not necessarily act as a 
deterrent to large species of ants, whose size might prevent them from being able to 
traverse the silk produced by even large species of orb-weavers.   
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It is likely that 2-pyrrolidinone serves principally as a contact deterrent than as a 
volatile repellent: the ants in the behavioural assays remained in the vicinity of the silk, 
avoiding it only when they come into direct contact. A contact deterrent is resource 
efficient because, as our experiments reveal, it lasts for an extended time, which may be 
significant for those species in which the silk threads used to anchor the web to the 
vegetation are not rebuilt every day. Chemical deterrents may also be more effective 
against ants than other defence mechanisms against solitary enemies; for example, orb-
web spiders may physically chase kleptoparasitic spider intruders (e.g. Argyrodes) off 
the web (Koh & Li 2003), but this may be ineffective against a large number of 
recruiting ants.  However, physical defence may be more efficient in species in which 
numerous spiders are present on a single web, and this may explain why ants are 
apparently not deterred from venturing onto the webs of social spiders (Henschel 1998). 
 
Large individuals of N. antipodiana may employ 2-pyrrolidinone as a 
prophylactic defence against ants, rather than as a means of disabling potential prey via 
its toxic properties. Ants in our experiments that physically contacted the silk did not 
obviously alter their activities compared with ants that did not contact the silk, although 
the toxicity of 2-pyrrolidinone to ants is not known. In addition, 2-pyrrolidinone may act 
as a generalized deterrent and thus explain why ants rarely occur on the webs of orb-web 
spiders. Workers of three myrmecine ants, including an introduced species that has a 
global distribution, do not venture onto the silk produced by large individuals of N. 
antipodiana. 2-pyrrolidinone has broader biological significance in ants: it is in the 
extracts from the mandibular glands of the myrmicine ant Crematogaster sjostedti Mayr 
(Wood et al. 2002), and alarm pheromones of many species of ants are secreted from 
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these glands (Hölldobler & Wilson 1990). Further, pyrrolidine alkaloids occur in the 
extracts of poison glands of several species of ants (Hölldobler et al. 2002) and of 
abdominal glands of gypsy moth (Lymantria dispar L.) caterpillars, which use 
pyrrolidine alkaloids to deter ant predation (Aldrich et al. 1997).  
 
2-pyrrolidinone is biosynthesized from gamma-aminobutyric acid (GABA) in the 
gypsy moth caterpillars (Aldrich et al. 1997). Coincidentally, this acid occurs on the web 
of the congeneric N. clavipes (Tillinghast & Christenson 1984) and three other species of 
orb-weaving spider: Araneus diadematus (Fischer & Brander 1960), Argiope trifasciata 
and Argiope aurantia (Anderson & Tillinghast 1980). While GABA and its derivatives 
are the principle component in the water extract of the web, their function was not tested 
(Tillinghast & Christenson 1984). Indeed, Schildknecht and colleagues (Schildknecht et 
al. 1972) reported the presence of 2-pyrrolidinone on the silk web of Araneus 
diadematus (as Aranea diadema) and they speculated that it was a hygroscopic 
substance. It is not clear why 2-pyrrolidinone was detected in some species but not others, 
but may reflect different methodologies [e.g. flame photometer in (Tillinghast & 
Christenson 1984) and thin layer chromatography in (Anderson & Tillinghast 1980)] or 
different solvents. Nevertheless, these data suggest that 2-pyrrolidinone is utilised by a 
broad diversity of orb-weaving spiders, and raises the intriguing question of how ant-
deterrents have evolved in this group.  
 
Predatory wasps (e.g. mud-dauber wasps) are thought to be the primary selective 
force shaping the evolution of web architecture in aerial web-building spiders 
(Blackledge et al. 2003). Our study reveals that predation by ants may similarly act as a 
novel selective force shaping silk properties.  More generally, the potentially broader 
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role of this chemical highlights how chemical defences can be phenotypically plastic, 
















THE SOURCE OF ANT DETERRENT 2-
PYRROLIDINONE IN THE GOLDEN ORB-WEB 
SPIDER NEPHILA ANTIPODIANA (ARANEAE: 
NEPHILIDAE) 
 
Abstract. Chemically defended animals are known to obtain defensive compounds by 
producing them de novo, directly sequestering from exogenous resources, or processing 
the sequestered compounds inside their bodies. In Chapter 3, I demonstrated that the 
golden web-spider, Nephila antipodiana, deposited a pyrrolidine alkaloid, 2-
pyrrolidinone, on the web silk that deterred workers of myrmicine ants. However, how 
this orb-weaving spider obtains the ant deterrent is unknown. In this chapter, I address 
this question by testing for the presence/absence of 2-pyrrolidinone in the golden web-
spider, Nephila antipodiana, throughout the life history from eggs to adults that were 
reared in the laboratory with a known prey species. I also tested on which type of silk 
(scaffold, frame, radial, or spiral silk) the spiders deposit the ant-deterrent.  In addition, 
silks that were directly pulled out from anterior and posterior spinnerets, and silk glands 
that connect to the spinnerets were all tested for the presence/absence of the ant-
deterrent. The results showed that when spiders were reared in the laboratory with fruit 
flies, the ant-deterrent 2-pyrrolidinone and its derivatives were absent in the eggs, 
hatchlings, small juveniles of N. antipodiana, but present in large juveniles and adults of 
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N. antipodiana. These suggest that 2-pyrrolidinone may be biosynthesized de novo by 
the spiders rather than sequestered from prey. I also found that 2-pyrrolidinone was 
present on scaffold, radial, spiral silk but absent on frame silk. However, 2-pyrrolidinone 
was absent on silks that were directly pulled out from the spinnerets and the detached 
silk glands. This suggests that the ant-deterrent may be produced simultaneously with 




Animals have evolved many strategies to avoid predation by their potential predators, 
such as fast running, aposematic coloration, mimicry, and chemical defence (Eisner et al. 
2005a). Chemically defended animals normally have three ways to obtain the defensive 
compounds: (1) animals synthesize the compounds by themselves. For instance, 
coccinellid beetles produce much of their defensive arsenal by endogenous synthesis 
(Glisan King & Meinwald 1996); (2) they sequester compounds from exogenous 
resources, such as host plants or their prey. For example, the queen butterfly Danaus 
gilippus derives distastefulness from feeding on milkweed plants (Nishida 2002); (3) 
animals sequester some compounds from exogenous resources and then synthesize them 
to be the final compounds (Eisner et al. 2005a; Jefson et al. 1983). For example, the 
moth (Utetheisa ornatrix) sequesters pyrrolizidine alkaloid (PA) from its larval host 
plant, and processes it by its endogenous system to be PA relative compounds, stores it 
and transmits it to the eggs (Bezzerides et al. 2004). Predators can sequester chemical 
compounds from their prey, and enrich these compounds inside their bodies to defend 
against predators from higher trophic levels (Eisner et al. 2005a). For instance, 
coccinellid beetle (Hyperaspis trifurcate) and chamaemyiid fly (Leucopis sp.) that feed 
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on cochineal insects incorporate their prey's defensive chemical, carminic acid, for 
protective purposes of their own (Eisner et al. 1994).  
 
In Chapter 3, I demonstrated that the orb-weaving spider Nephilia antipodiana 
can apply the ant deterrent, 2-pyrrolidinone, on its web silk to deter ant invasion. This 
compound is also found in the abdominal glands of gypsy moth (Lymantria dispar) 
caterpillars (Aldrich et al. 1997) and in the mandibular glands of ant Crematogaster 
sjostedti (Wood et al. 2002). However, how the 2-pyrrolidinone is obtained by these 
animals is poorly understood. Delm and Dettner (1995) showed that 2-pyrrolidinone in 
the hemolymph of L. dispar larvae was biosynthesized de novo by the caterpillars rather 
than directly sequestered from their host plants. 2-pyrrolidinone was also found in web 
silk of golden orb-web spider Nephila antipodiana (Zhang et al., 2012), but it is not clear 
whether this compound is biosynthesized by the orb-weaving spider Nephila antipodiana 
or sequestered from its prey. It is possible that orb-weaving spiders consume a specific 
type of prey that has consumed particular plants to release the compound into their webs. 
Plants such as the oriental genus Maackia in the family Fabaceae are known to produce 
alkaloids containing pyrrolidine. Web-building spiders can spin “toolkit” of seven or 
eight different types of silks, each of which comes from different discrete glands 
(Blackledge & Hayashi 2006). However, on which web silk the spiders deposit 2-
pyrrolidinone is untested. In this chapter, I investigated how 2-pyrrolidinone was 
obtained by the orb-weaving spider N. antipodiana and on which web silk N. 




4.2. Materials and Methods 
 
4.2.1. Study objects 
 
Nephila antipodiana were used in this experiment. Adult females (n = 5) were collected 
in Labrador Park, Singapore. They were individually housed in plastic frames (50 × 50 × 
10 cm) with bamboo sticks attached to their inner sides to allow them to build complete 
orb-webs. All spiders were kept in the laboratory with controlled environmental 
conditions (temperature: 25 ± 1ºC; relative humidity: 80 ± 1%; photoperiod: 12L: 12D). 
Females were allowed mated once and then reared for obtaining egg sacs. Over 300 
hatchlings were harvested from each egg sac and they were reared in the laboratory with 
one known species of prey, fruit flies (Drosophila melanogaster) until they reached 
maturation. These juveniles and adults were then used for collecting silk samples for 
testing for the presence and absence of 2-pyrrolidinone. About 100 small juveniles were 
tested, among which 20 were allowed to grow into large juveniles and 12 survived to 
maturity stage. 
 
4.2.2. Testing the eggs for the presence of 2-pyrrolidinone 
 
To test whether the ant-deterrent, 2-pyrrolidinone, could be vertically delivered from 
prey to juveniles, I collected five recently deposit egg sacs (within 2 weeks) produced by 
five individuals of N. antipodiana females. I then randomly selected 30 eggs from each 
egg sac, crushed down in a Ep tube (1.5 ml), and added 150 μl methanol into the tube to 
extract the chemicals by putting the tube on a vortex machine for 3 min, and then the 
centrifuged the extract (5000r/m) for 1 min. Clear extract was concentrated to be about 
20 μl by a stream of nitrogen gas. 1 μl concentrated extract was then injected into a GC-
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MS machine (MS 5973, Agilent, US) to detect 2-pyrrolidinone following the protocol of 
Zhang et al. (2012). All tests were replicated for three times.  
 
4.2.3. Testing for the presence of 2-pyrrolidinone in fruit flies Drosophila melanogaster 
 
Ten fruit flies were put into a small vial (5 ml in volume) after being anaesthetized by 
CO2
 
, and 50 μl methanol was added into the vial to extract chemicals following the 
protocol of Zhang et al. (2012). This test was replicated for three times. 
4.2.4. Testing for the presence of 2-pyrrolidinone in the web silk of juveniles and adults  
  
After hatched from eggs, spiderlings still stayed together until the second instar, in which 
stage they dispersed (S. C. Zhang’s personal observation). However, in this study, I kept 
them together to let them prey on each other because they were too small to prey 
Drosophila melanogaster in their second instar stage. After they had grown into third 
instar (body size: > 4.1 mm), the survivors that came from one egg sac were separated 
and reared individually in foam-covered plastic vials (0.25 l) under the laboratory 
condition, and fed with D. melanogaster every day. Silk samples were collected using 
sterilized glass rods (Fisher Scientific, Pittsburgh, PA, USA) and tested using methods in   
Zhang et al. 2012, and each sample contains about 2.5 mg silk, which was sufficient for 
detecting ant deterrent (Zhang et al. 2012). To check the presence of 2-pyrrolidinone, I 
collected about 20 webs of small juveniles together as one sample. After spiders grew 
into large juveniles, I collected about five webs as one sample. For adults, I collected silk 
from one web as one sample.  Each test was replicated for three times.  
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4.2.5. Testing for the presence of 2-pyrrolidinone in different kinds of web silk  
 
Six different kinds of silk glands are found in orb-weaving spiders (Foelix, 2011). These 
glands can be distinguished morphologically and histologically into the following 
categories: ampullate glands, aciniform glands, tubuliform glands, aggregate glands, 
piriform glands, and flagelliform (or coronate) glands. Each type of gland produces a 
different kind of silk with its own specific characteristics (Craig 1997, 2003; Foelix 
2011). Although the silk of whole web produced by large juvenile (body size over 4.1 
mm) and adult N. antipodianna females contain 2-pyrrolidinone (Zhang et al. 2012), 
whether this compound is present on all kinds of web silk (scaffold, frame, spiral and 
radial) or on a specific type of silk has not been tested. To address this, four types of web 
silk, scaffold, frame, spiral, and radial silks, were collected from the webs of N. 
antipodiana in the field. Scaffold silk and frame silk were collected using a sterilized 
glass rods and cut by scissors using the same procedure as used in an earlier study 
(Zhang et al. 2012) (Chapter 3). To collect radial and spiral silk, joss sticks were ignited 
to burn the adjacent silk and the silk crossing on it, and then the target silk was collect 
using sterilized glass rods. The smoke of the joss sticks could not affect the test results 
because they do not contain 2-pyrrolidinone in our preliminary check. A total of 0.25 mg 
the same kind of silk was collected for each silk sample, and at least six samples were 




4.2.6. Testing for the presence of 2-pyrrolidone in the silk that was directly pulled from 
spinneret spigots  
 
To confirm the presence of 2-pyrrolidone on certain kind of silk of N. antipodiana, the 
silks were pulled out directly from a spider’s spinnerets. According to Foelix (2011), 
anterior spinnerets connect to piriform glands and ampullate glands, which produce 
dragline, frame thread, while posterior spinnerets connect to aggregate glands and 
flagelliform glands, which produce sticky spiral threads. I thus pulled out silks from 
anterior and posterior spinnerets to test for the presence of 2-pyrrolidone. To do so, a live 
N. antipodiana female was fixed on a foam spreading board using insect pins and paper. 
Firstly, I anaesthetized the spider using CO2
 
, put it on the board, gently pressed the legs 
down so that it was lay spread out flat, put a thin strip of paper over each leg, and then 
pinned the ends of the strip to the board. Spider abdomen was put upward to show all the 
spinnerets. Glass rods were used to touch specific spinneret carefully, and the silk was 
pulled out from the spinneret once it had attached to the rod. A total 0.25 mg silk was 
obtained by this way for each type of silk. Spiders (n = 6) were used repeatedly until 
getting enough amount of silk (0.25 mg) for each kind of silk and they were fed by meal 
worms twice a day after I pulled the silk from their spinnerets. Three 0.25-mg silk 
samples were obtained for each type of silk. In addition, the silk glands were also 
dissected to detect 2-pyrrolidinone after harvesting all the silk samples. They were put 
together into an Ep tube (1.5 ml) to extract chemicals using the same procedure as used 





The ant-deterrent 2-pyrrolidone was found to be absent in fruit flies, N. antipodiana eggs, 
and on web silk of small N. antipodiana juveniles, but present on web silk of large N. 
antipodiana juveniles (Figure 4-1). In the scrutinization of specific silk that was 
collected in the field, 20 0.25-mg scaffold, six 0.25-mg frame, 15 0.25-mg radial, and six 
0.25-mg spiral silk samples were obtained and tested. 2-pyrrolidone was found in six out 
of 20 scaffold (30%), 0 of 6 frame, nine out of 15 radial (60%), and six out of 6 spiral 
(100%) silk samples (Figure 4-2). Silk samples that were directly pulled out from 
anterior and posterior spinnerets were tested to be negatively in 2-pyrrolidinone (Figure 









Figure 4-1. Total ion count of the GC-MS spectrum for the methanol extracts of (a) eggs of 
Nephila antipodiana (n = 5); (b) web silk of small N. antipodiana juveniles (n = 3); (c) fruit fly 
Drosophila melanogaster (n = 3); (d) web silk of adult N. antipodiana females (n = 3). The peak 





















Figure 4-2. Total ion count of the GC-MS spectrum for the methanol extracts of different types 
of web silk produced by Nephila antipodiana. (a) Scaffold silk (n = 20); (b) frame silk (n = 6); 











Figure 4-3. Total ion count of the GC-MS spectrum for the methanol extracts of (a) silks that 
were directly pulled out from spinnerets of Nephila antipodiana (n = 3); and (b) whole silk 





Animals are known to synthesize, directly sequester from their food or prey, or sequester 
and then process into defensive chemicals (Eisner et al. 2005a). In Chapter 3, I provided 
evidence that the golden web-spider, Nephila antipodiana, deposited a pyrrolidine 
alkaloid, 2-pyrrolidinone, on the web silk that deterred workers of myrmicine ants. In 
this chapter, I addressed how this orb-weaving spider obtains the ant deterrent by testing 
the presence/absence of the compound throughout all life stages (from eggs to adults) of 
N. antipodiana that were fed on fruit flies. My results showed that 2-pyrrolidione was 
absent in the eggs and on web silk produced by newly hatched spiderlings and small 
juveniles, but present on web silk of large juveniles and adult females although small and 
large juveniles as well as adults of N. antipodiana were fed on the same type of prey D. 
menalogaster, which also did not contain 2-pyrrolidinone or its derivative compounds. 
These suggest that prey items are not crucial for N. antipodiana to produce 2-
pyrrolidione, because spiders do not rely on targeting a specific type of prey that 
consume particular plants so as to obtain 2-pyrrolidione. Thus, 2-pyrrolidione may be 
biosynthesized de novo by spiders themselves rather than sequestered from exogenous 
resources. 
 
Aldrich et al. (1997) inferred that 2-pyrrolidinone in the abdominal glands of 
gypsy moth (Lymantria dispar L.) is a decomposition product of γ-aminobutyric acid 
(GABA) (Aldrich et al. 1997). Coincidentally, GABA was also found on the web silk of 
N. antipodiana (Chapter 3) as well as many other orb-weaving species, such as N. 
clavipes, Araneus diadematus, Argiope trifasciata, and A. aurantia (Fischer 1980; 
Fischer & Brander 1960; Tillinghast & Christenson 1984). Indeed, GABA is a known 
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neurotransmitter in vertebrates and invertebrates and occurs in bee and spider venoms 
along with peptides and proteins (Geren & Odell 1984). However, the decomposition 
route from GABA to 2-pyrrolidinone has never been plotted. Future work thus is needed 
to determine what kinds of enzymes and secondary metabolites are involved in the 
transfer process and how the process occurs step by step.  
 
After testing different type of silk collected from the webs spun by adult N. 
antipodean females, I found that 2-pyrroidinone was absent on frame silk, but present on 
scaffold, spiral and radial silk. Because frame and scaffold silk are produced by the same 
silk gland (i.e. ampullate gland), so it is reasonable to speculate that scaffold silks 
contain 2-pyrrolidinone. For radial threads, it is possible that in our experiments, they 
have been polluted by spiral silk, because it is hard to separate them using our sampling 
methods, so 60% of the samples were positive in 2-pyrrolidinone. According to the 
glands that produce radial silk (ampullate gland), it should not show the same results as 
frame silk and scaffold silk, but 60% of radial silks were tested positive. There are two 
factors that might have caused the presence of 2-pyrrolidinone on radial silk. Firstly, 
radial silk is closely associated with spiral silk, and it is hard to detach them from each 
other, so it is highly possible that radial silk was polluted by spiral silk. Secondly, spiders 
use a lot of auxiliary spirals on the webs for orientation purpose during web construction 
(Foelix 2011), and radial silk has many connections with these auxiliary spirals, so the 
radial silks were polluted further. 2-pyrrolidinone was not found either in the silk that 
pulled directly from silk glands or the detached silk glands. This suggests that 2-
pyrrolidinone may be produced simultaneously when spider produced spiral silk. So 
when the spider was under pressure, or when the silk glands were detached, the 
compound was not produced.  
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In summary, N. antipodiana may derive ant deterrent, 2-pyrrolidinone, by its 
endogenous synthesis rather than directly sequestering from its prey. This compound is 
mostly applied on spiral silk with the sticky glue, and sometimes on scaffold and radial 
silk. Silks that were directly pulled out from spinnerets and the detached silk glands do 
not contain 2-pyrrolidinone, suggesting that the ant-deterrent may be produced 
simultaneously with spiral silk under natural situation. However, further studies are 
needed to investigate how spiders synthesize 2-pyrrolidinone and where they release this 












CHEMICAL EGG DEFENCE IN SPIDERS  
 
Abstract. To enhance the survival of eggs, animals are known to exhibit maternal care, 
in which they guard their eggs or carry their eggs with them. For species without parental 
care, they may employ other strategies, including chemical defence, to protect their eggs 
from potential predators. However, chemical defence has been rarely reported in spider 
eggs. In this chapter, I explored chemical defence in the eggs of three species of orb-
weaving spiders, Argiope versicolor (Araneidae), Nephila pilipes (Nephilidae) and 
Nephilingys malabarensis (Nephilidae), which show no parental care to their eggs, and 
two species that show parental care, the spitting spider Scytodes pallida (Scytodiidae) 
and the wolf spider Pardosa pseudoannulata (Lycosidae). I hypothesized that the species 
without parental care but not the species with parental care may use chemicals to protect 
their eggs from natural enemies. However, my results showed that regardless of the 
species with or without parental care, no dominant defensive chemical compounds were 
found on the eggs or the silk that wrap the eggs in the five species of spiders. This 
suggests that the species with parental care do not rely on defensive chemicals for egg 
protection, supporting my hypothesis. The results from bioassays using egg sacs of the 
wolf spider P. pseudoannulata to be subjected to predatory weaver ants (Oecophylla 
smaragdina) and pharaoh ant (Monomorium pharaonis) further confirmed the hypothesis 
that chemical egg defence in the species with parental care is unnecessary. However, the 




Female reproductive success in arthropods is largely determined by the number of eggs a 
female can produce during her lifetime and the survival of the offspring (Schneider & 
Andrade 2011). However, eggs are one of the most vulnerable stages in the life of egg-
laying animals. In order to ensure high survival of the progeny, many animals have 
evolved varieties of strategies to protect their eggs from environmental and 
microbiological assaults (Clutton-Brock 1991; Oliveira et al. 2008). These strategies 
include: (1) concealing eggs by covering them with soil or vegetation debris (Tokarz & 
Jones 1979); (2) carrying eggs with themselves or depositing eggs on the body of 
conspecifics (i.e. parental care) (Kaitala 1996; Smith 1976); (3) depositing eggs to covert 
places where predators are hard to find the eggs (Tokarz & Jones 1979); (4) blending 
eggs into their background that has the similar colouration to the eggs (Tinbergen et al. 
1962); (5) coating eggs with predator repellents or toxic chemical compounds (i.e. 
chemical defence) (Requena et al. 2009); (6) depositing some eggs as shields for other 
eggs below to protect them from parasitism (Deas & Hunter 2012); (7) exhibiting egg 
guarding, in which males or females guard their eggs by staying with them  (Machado & 
Raimundo 2001).  
 
Chemical egg defences are mostly reported in insects. For instance, the moth 
Utetheisa ornatrix uses pyrrolizidine alkaloids (PAs) to protect its eggs against 
parasitization by the chalcidoid wasp Trichogramma ostriniae (Bezzerides et al. 2004). 
The PAs is also sequestered by Ceroplastes albolineatus (Coccidae) from its host plant 
Pittocaulon (ex Senecio) praecox (Asteraceae) to protect its eggs against parasitoids 
(Loaiza et al. 2007).  
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 Ants are ubiquitous predators in terrestrial ecosystems, especially in the tropics 
(Halaj et al. 1997; Hölldobler & Wilson 1990). They are common predators of eggs of 
other arthropods. However, many insects are known to chemically defend their eggs 
against the attacks from predatory ants. For instance, Eisner and colleagues (1996) 
reported that the green lacewing Ceraeochrysa smithi (Neuroptera, Chrysopidae) coats 
oily fluid to the egg stalks on which its eggs are laid, which deter ants (Eisner et al. 
1996).  Jeanne (1970) reported that the tropical social wasp Mischocyttarus drewseni 
protects its nest from ant invasion by applying ant-repellent secretion to the nest stem 
(Jeanne 1970). Similarly, the wasp Polistes fuscatus females rub a chemical secretion 
onto the nest petiole, which can repel at least four species of ants (Post & Jeanne 1981; 
Post et al. 1984).   
 
 Ants are also known to prey on many species of spiders, and thus posing 
significant influence on spider populations from the forest-floor (Moya-Laraño & Wise 
2007) up to the plant canopy (Halaj et al. 1997). Spider eggs are particularly vulnerable 
to many kinds of parasitoids and predators (Austin 1985; Eason et al. 1967; Evans 1969), 
including ants (Austin 1985; Brown 1957). In order to improve offspring’s survival, 
growth and reproductive value, spiders in many species exhibit parental care.  For 
example, females of the jumping spider Psecas chapoda (Salticidae) usually stay above 
their eggsacs and under a plain silk cover, spun from edge to edge of bromeliad leaves 
(Vieira & Romero 2008). Females of the spitting spider Scytodes sp. (Scytodidae) use 
their chelicerae to carry the eggsacs until the eggs hatch (Yap & Li 2009). However, 
many other species do not exhibit such parental care, and females usually leave their 
eggsacs on the web or outside the web without parental care. This plunges their eggs into 
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vulnerable state to the predators, including ants. It is thus interesting to know how 
spiders without parental care defend their eggs against predators and parasites. In this 
chapter, I investigated whether chemical egg defence is used by spiders.  I hypothesized 
that the species without parental care may use chemical defence to protect their eggs and 
the species with parental care do not use defensive chemicals to protect their eggs.  
 
5.2. Materials and Methods  
 
5.2.1. Study species and maintenance 
 
Five species of spiders were used in this experiment: (1) the golden orb-web spider 
Nephila pilipes (Nephilidae) that deposits its eggsac on the ground in the rainforest 
(Kuntner 2007); (2) St. Andrew’s cross spider Arigope versicolor (Araneidae) that hangs 
its eggsac on its web (S.C. Zhang’s personal observation); (3) Nephilengys malabarensis 
(Nephilidae) that lays its eggsac in the retreat of its web (Kuntner 2007); (4) the spitting 
spider Scytodes pallida (Scytodidae) that carries its eggsac by its chelicerae until the 
eggs hatch (Foelix 2011); (5) the wolf spider Pardosa pseudoannulata (Lycosidae) that 
carries its eggsac using its spinnerets (S.C. Zhang’s personal observation). To get 
consistent cohorts of eggsacs, the gravid females (50 for the wolf spider, and 5 for other 
four species) were collected from the field (pulau Ubin) in Singapore, and they were kept 
in the laboratory with controlled environmental conditions (temperature: 25±1ºC; 
relative humidity: 80 ± 1%; photoperiod: 12L: 12D with lights between 0800 h and 2000 
h).  Nephila pilipes and N. malabarensis were individually kept in plastic frames (50 × 
50 × 10 cm), A. versicolor in plastic frames (20 × 20 × 5 cm), while S. pallida and P. 
pseudoannulata were housed individually in foam-covered plastic vials (0.25 l). All 
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spiders were fed with mealworms (Tenebrio molitor) and houseflies (Musca domestica) 
twice a week. They were then released back to their original habitat after being obtained 
their eggsacs. The eggsacs were used for chemical analysis and bioassays within two 
weeks after they were produced the spiders.  
 
5.2.2. Chemical analysis 
 
Gas chromatography-mass spectrometry (GC–MS) was used to identify the chemicals on 
the surface of the eggs, and silks that covered the eggs. A total of 2 mg eggs were 
obtained from each species and about 0.25 mg silk wrapping the eggs was also collected 
from the eggsacs produced by N. pilipes, A. versicolor, and N. malabarensis. For S. 
pallida and P. pseudoannulata, the whole eggsac was used for chemical extraction. Each 
sample was placed in a 10 ml glass vial (Supelco, Bellefonte, USA) with 1 ml of 
methanol, and solvent extraction commenced by shaking continuously the web sample 
for 10 min. The extract was then concentrated by blowing nitrogen gas over the surface 
of the extract until the total amount of extract was 10 µl. 2 µl of each extract was inserted 
into a GC-MS, using a 5R-GP syringe (SGE, Victoria, Australia). The running protocol 
of GC was same as used in Chapter 3 and an earlier study (Zhang et al. 2012). Each test 
was replicated for three times. In each GC-MS spectrum, we chose several main peaks 
according to the proportion of peak area. All possible compounds in each peak were then 
identified according to their similarity percentage. If the similarity of a compound is over 
85%, and if it takes up all top five positions in the similarity rank among all the possible 






Behavioural assays were conducted to test whether the eggs contain any chemical 
repellent to ants. The eggsacs produced by the wolf spider P. pseudoannulata were used 
in this bioassay. Eggsacs were divided into two groups: Chemical-Removed and 
unmanipulated as controls (Control). To prepare for the Chemical-Removed eggsacs, the 
randomly chosen eggsacs were first immersed in 70% alcohol for 2 h, with the solution 
changed every ½ h, and subsequently baked the in the oven at 60°C for 12 h. Control 
eggsacs were not subjected to any manipulation, they were used as what they were in 
nature. Before the behavioural assays started, ant nests were located in the field where 
tested spiders occurred. I began a behavioural trial by present a pair of eggsacs, one 
Chemical-Removed and one Control, close to an ant nest (5 cm). Once the first ant 
worker found the eggsac, two hours were given to record whether the ants took the test 
eggsacs. The eggsacs were presented to two ant species, pharaoh ant Monomorium 
pharaonis (body length: 1.42 ± 0.03 mm, n = 25) and the weaver ant Oecophylla 




5.3.1. Chemical analysis 
 
No dominant peaks were found in the eggs or the silk that wrapped the eggs of any test 



































Figure 5-1. Total ion count of the GC-MS spectrum for the methanol extracts of (a) Nephila 
pilipes eggs; (b) the silk that covered the eggs of N. pilipes; (c) Argiope versicolor eggs; (d) the 
silk that wrapped the eggs of A. versicolor; (e) Nephilengys malabarensis eggs; (f) the silk that 
covered the eggs of N. malabarensis; (g) Scytodes pallida eggsac; (h) Pardosa pseudoannulata 







Ten pairs of eggsacs, the Chemical-Removed and the Control, were presented to weaver 
ants O. smaragdina, and all eggsacs (100%) were taken by ant workers immediately after 
they found them. Seven pairs of eggsacs were presented to M. pharaonis, they were all 












Figure 5-2. Eggsacs of wolf spider Pardosa pseudoannulata were under consuming of ant 





Chemical defences in spiders have not been extensively studied except a few reports. For 
instance, the bolas spider Mastophora caesariata exposes its bright red underside, 
emitting a disagreeable odour when disturbed (Eberhard & Levi 2006). In addition, 
Nephila antipodiana deposits the ant deterrent, 2-pyrrolidinone, on its web to defend 
against the ant invasion (Zhang et al. 2012). Comparatively, chemical egg defence in 
spiders is rarely studied. The primitive role of spider eggsacs is in giving protection 
a b 
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against predators and parasites (Austin 1985; Hieber 1992), but the mechanisms are 
poorly understood.  
 
Chemical egg defences were investigated using three species of orb-weaving 
spiders without parental care of eggs and two species of spiders with parental care of 
eggs in the study. The species without parental care of eggs were hypothesized to 
chemically defend their eggs against predators while the species with parental care of 
eggs might not. My results show that no dominant chemical compounds were found in 
the extracts of the eggs or the silk wrapping the eggs regardless of whether the species 
exhibit parental care of eggs or not. This suggests that the eggs of the species without 
displaying parental care of eggs may not rely on defensive chemicals to protect them 
from predators.  
 
The mechanical property of silk that wraps the eggs may serve as a mechanical 
barrier to protect the attack from some predators. Many orb-weaving spiders are known 
to use tangle silks as mechanical barrier to protect themselves against flying predators 
(Higgins 1992) or parasites (Robinson & Robinson 1973).  Nephila pilipes living in the 
tropics deposits its eggsacs on the ground and covers the eggsacs with two barriers, the 
thick cocoon fibers and leaf debris (S.C. Zhang’s personal observation). Under the 
double protection of the two covers, the eggsacs may survive well in the condition where 
many predators are foraging. When releasing the egg mass from the uterus, N. pilipes 
also produces a reddish liquid accompany with its eggs at the same time, which will 
harden later (Kuntner et al. 2012). The reddish material may contain some defensive 
compounds to deter ants. However, my results from GC-MS showed that there was not 
any defensive chemical on the eggs or the silk wrapping the eggs produced by N. pilipes. 
95 
The reddish material may function to stick the egg mass together or may provide 
nutrition for the newly hatched spiderlings. It is most likely that the silk that covers the 
eggs may serve as a mechanical barrier to protect the eggs from predation in N. pilipes.  
 
Argiope versicolor usually attaches its eggsac to the webs and its eggs are 
enclosed in a thin but dense outer layer. Since A. versicolor was found to apply ant 
deterrent, 2-pyrrolidinone, on its web silk that may deter ants (Chapters 3 and 6), the ant-
deterrent on the web may well protect the eggs. Thus, A. versicolor is necessarily to 
deposit ant-deterrent or other chemicals on their eggsacs for egg protection. Hieber 
(1992) pointed out that the suspension of eggsacs of Mecynogea lemniscata and A. 
aurantia on silken threads appears to protect the eggs from generalist predators such as 
ants due to a layer of flocculent silk that encloses the eggs. This is because the damage to 
the outer silk layer of M. lemniscata eggsac greatly enhances parasitism by a species of 
mantispid (Hieber 1992).  
 
Nephilengys malabarensis deposits its eggsac inside its retreat, which is 
surrounded by 3-D similarly silk barriers (S.C. Zhang’s personal observations). The 
architecture of the retreat may well protect the eggsacs. These 3-D silk barriers may have 
evolved under strong selection pressures from predatory wasps (Blackledge et al. 2003) 
and ants (discussed in Chapter 6 in more details).   
 
It is not surprising that no defensive chemical compounds were found in the 
eggsacs of the spitting spider S. pallida and the wolf spider P. pseudoannulata because 
of the parental care of eggs by the females of these two species.  
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In conclusion, A. versicolor, N. malabarensis, and N. pilipes do not apply any 
defensive chemicals to protect their eggs. The architecture of the eggsacs, the silk that 
wraps the eggs and/or the existence of ant-deterrent on the webs may play crucial roles in 
egg protection. As expected, it is unnecessary for S. pallida and P. pseudoannulata that 
exhibit parental care of their eggs to chemically defend their eggs against potential 




EVOLUTION OF ANT DETERRENT IN WEB-
BUILDING SPIDERS 
 
Abstract. Golden orb-web spider Nephila antipodiana was known to apply a pyrrolidine 
alkaloid, 2-pyrrolidinone, on its web silk to deter the ants from traversing. However, it is 
unclear whether this compound is used by other web-building spider species and how 
this ant deterrence behaviour evolved. In this study, I performed a large survey for the 
presence and absence of 2-pyrrolidinone in 65 genera of web-building spiders in 11 
families. The presence and absence of 2-pyrrolidinone were then mapped onto the 
phylogenetic tree that was reconstructed based on morphological and molecular data. 
The results showed that 2-pyrrolidinone was present in 22 genera in 2 families. Ant 
deterrence behaviour evolved once, and lost up to 7 times in orb-weaving spiders. The 
evolution of this ant deterrence behaviour is closely associated with web architecture 
rather than silk diameter. Ant predation may be the driving force for the modification of 







Chemical defence is one of the most intensively studied anti-predator or anti-herbivore 
mechanisms. However, most of the studies have focused on the evolution of defensive 
mechanisms of plants to their herbivores, by which plants can influence host affiliation 
and speciation of the herbivores (Desurmont et al. 2011; Johnson et al. 2009; Schiestl 
2010; Termonia et al. 2001). A single compound used as defensive chemical by broad 
animal taxa has been rarely reported. For example, pyrrolizidine alkaloids (PAs) are used 
by many plant species to defend against herbivores, and some of these herbivores 
sequestered such compounds to defend against predators (Eisner et al. 2005a; Macel 
2011).  
 
Spiders are predators, but they also can be preyed by their own predators. Ants 
can be major predators of spiders because of their large quantity and strong ability in 
subduing prey (Gillespie & Reimer 1993; Halaj et al. 1997; Vieira & Höfer 1994). Ant 
workers of some species have been observed to invade spider webs to either loot large 
caches of food or prey on moulting spiders (Henschel 1998). However, the defensive 
mechanisms of spiders against ant invasion have not been intensively investigated. 
Recently, an orb-weaving spider, Nephila antipodiana was reported to deposit a 
pyrrolidine alkaloid, 2-pyrrolidinone, on its web silk to deter ants from traversing (Zhang 
et al. 2012). However, this mechanism has not been examined in an evolutionary 
framework. Whether the ant-deterrence behaviour is widespread in web-building spiders 
and how such a behaviour has evolved remain unknown.  
 
The construction of varieties of spider webs represents one of the most elegant 
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and intricate examples of complex animal behaviour, which has been primarily 
considered to result from foraging adaptations (Shear 1986), suggesting it may serve as 
strategies for better niche partitioning and a more efficient use of the available trophic 
resources (Dimitrov et al. 2012). The phylogenies of web-building spiders have been 
intensively studied both molecularly or morphologically (Blackledge et al. 2009; 
Dimitrov et al. 2012; Griswold et al. 1998; Kuntner et al. 2013; Scharff & Coddington 
1997), and evolution of spider webs has also been intensively studied (Blackledge et al. 
2003; Blackledge et al. 2009; Dimitrov et al. 2012; Garb et al. 2006; Opell 1997). These 
studies have provided solid background supporting for studying potential driving force 
behind the diversification of spider web architectures, among which the predation risk 
posed by spiders’ predators has been rarely studied. Mud-dauber wasps may be one of 
such kind of driving force, which may have exerted directional selective pressure on 
spiders to construct three-dimensional webs (Blackledge et al. 2003). As a dominant 
group of animals in terrestrial ecosystem, ants, however, are largely ignored when 
examining the selection forces underlying the diversity of spider web architectures 
(Zhang et al. 2012).  
 
In this chapter, by performing a large-scale examination of ant-deterrence in the 
major clades of web-building spiders, we studied the evolutionary route of ant deterrent 
in web-building spiders. We used the available phylogenies of web-building spiders to 
investigate the origin and evolution of this ant deterrence behaviour, and showed that 
ants might be another selective pressure on the evolution of orb-weaving spiders, which 
may has influenced both the mechanic property of spider silk and the web architectures. 
In addition, I discussed the absence of 2-pyrrolidinone in some species by proposing the 
following two possible explanations: (a) the mechanic properties of the silk (primarily 
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the diameter) may prevent the ants from traversing. In other words, the silk is insufficient 
support the movement of ants, and thus do not require the ant deterrent; (b) the web 
architecture may be modified to prevent the invasion of ants.    
 
6.2. Materials and Methods 
 
6.2.1. Taxon sampling 
 
To maximize representation of orbicularian families at the generic level, 65 genera in 11 
families from Africa (Madagascar), America, Asia, Australia and Europe were sampled 
(Table 6-1).  These species were collected according to the following two factors: (1) 
availability. We excluded those genera that are difficult for us; and (2) evolutionary 
relationships. Most of genera that we collected have clear phylogenetic relations, and we 
collected those species referred to available phylogenies. Although spider webs can be 
classified into up to at least nine types (Blackledge et al. 2009; Dimitrov et al. 2012), we 
redefined the web architectures of our studied taxa into four types: typical orb, 3D non-
orb, retreat-modified orb, and reduced web. This classification enabled us to investigate 
the evolution of ant deterrent from a bigger group perspective. 3D non-orb web includes 
those species spin araneoid sheet web and cobweb, while retreat-modified orb web 
includes those species spinning 2-D web but has a retreat. The reduced orb includes 





6.2.2. Silk sampling 
 
The sample silks were collected from the newly built webs in the field in the early 
morning or at night depending on species. If the webs are smaller than 40 × 40 cm 
(horizontal× vertical) in diameter, we collected the whole webs. If the webs are larger 
than 40 × 40 cm for 2-D orb-webs, the silk samples were collected from the outer layer 
(contains both radial threads and catching spiral) and frame silk of the webs, using 
sterilized glass rods (Fisher Scientific, Pittsburgh, PA, USA). For 3-D non-orb webs, we 
collected silks from the tent of the webs and the irregular mesh of threads separately. For 
those reduced orb species, we collected all the threads that were deposited on vegetation 
by the spiders. Three to five silk samples (at least 2.5 mg) were collected for each 
species and tested separately. In addition, spiders were also collected for identification. 
All silk samples were collected within 3 d after the spider spun the web. 
 
6.2.3. Identification of ant deterrent 
 
We used gas chromatography-mass spectrometry (GC–MS) to identify the chemicals on 
the surface of the silk. We obtained silk from uncontaminated spider webs (newly built 
without any prey items) using sterilized glass rods (Fisher Scientific, Pittsburgh, PA, 
USA).  The webs of adult spiders were large, providing plenty of silk in each sample.  
For juvenile spiders, I used two methods to ensure that there was sufficient silk to detect 
the presence or absence of ant-deterrent compounds: (a) silk was collected from a single 
web; and (b) 2.5 mg of silk was collected from one or several webs. The quantity of the 
silk is enough for GC-MS system to detect (Zhang et al. 2012). The processing 
procedure and GC-MS testing protocol is as the same as in (Zhang et al. 2012). Each silk 
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sample was placed in a 10 ml glass vial (Supelco, Bellefonte, USA) with 1 ml of 
methanol, and solvent extraction commenced by shaking continuously the collapsed web 
for 10 min. The extract was then concentrated by blowing nitrogen gas over the surface 
of the extract until the total amount of extract was 10 µl. 2 µl of each extract was inserted 
into a gas chromatography-mass spectrometry (GC-MS), using a 5R-GP syringe (SGE, 
Victoria, Australia). The mass spectra were obtained with a HP GC 6890+ series coupled 
with a MS 5973 detector. Zebron (ZB-1) polymethylsiloxane columns of 30 m × 250 µm 
× 0.25 µm capillaries (Phenomenex, Torrance, USA) with Helium carrier gas of 1.5 
ml/min were used. The injector port and detector temperature were maintained at 280°C. 
The separation protocol, developed to ensure good separation of the compounds for the 
analysis, started with an initial temperature at 50°C for 3 min, and then increased to 
280°C at a rate of 4°C/min and was held for 2 min. Subsequent comparative analysis was 
conducted using the NIST02 and WILEY 275L database for possible identification of 
any chemicals. The identified compound was compared with the reference compound 
(99% 2-pyrrolidinone, GC grade, Sigma-Aldrich, Bellefonte, PA, USA). Nitrogen gas 
concentrated methanol alone was used as a negative control to establish that no 
similar 
 
peaks or ions of the compound were present in the spectrum. Solvent methanol 
was used for comparison to establish that no similar peaks or ions of the compound were 
present in the spectrum. All the silk samples were analyzed individually.  
6.2.4. Silk diameter test 
 
To test if the mechanic property of silk would affect ant invasion, I measured the 
diameter of spiral silk from the webs of adult females. The threads were collected across 
3 cm gaps in cardboard holders and secured with cyanoacrylate (Superglue). Each web 
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was sampled three spiral thread. The diameters of all silk threads were examined under a 
scanning electron microscope (SEM, JSM-6510LV, JEOL, Tokyo, Japan). The read 
points were randomly chose on the threads. About five read points were selected for each 
thread. I also collected silk diameter data that have been reported in literature [i.e. 
(Blackledge et al. 2005; Harmer et al. 2011; Riekel et al. 2001; Sensenig et al. 2010; 
Zheng et al. 2010)].  
 
6.2.5. Evolutionary analysis 
 
We constructed super phylogenetic tree by combining trees from six studies [i.e. 
(Blackledge et al. 2009; Dimitrov et al. 2012; Griswold et al. 1998; Kuntner et al. 2013; 
Scharff & Coddington 1997; Schmidt & Scharff 2008)]. These studies have incorporated 
most of the species we have tested. The core phylogeny was taken from Dimitrov et al. 
(2012), which was constructed based on maximum likelihood (ML) analysis. In this 
study, I found that 2-pyrrolidinone is only showed in two families: Nephilidae and 
Araneidae (see later results). I thus focused on these two families to examine the 
lost/gain events of 2-pyrrolidinone within these two families, and also referred to other 
phylogenies of these two families [i.e. (Blackledge et al. 2009; Griswold et al. 1998; 
Kuntner et al. 2013; Scharff & Coddington 1997; Schmidt & Scharff 2008)]. Other 
families, such as Theridiidae, Lycosidae, Agelenidae etc., were simplified, only those 
main and common genera were kept to show the whole picture of 2-pyrrolidione 
evolution among all web-building spiders. For Nephilidae and Araneidae, clades that 
showed in other studies and other five phylogenies were grafted to the main phylogeny, 
according to evolutionary relation that have been ascertained and verified by literatures 
such as Herennia from Kuntner et al.’s (2013). In the super tree, each genus was 
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represented by one species because 2-pyrrolidione is always consistently present in 
genus level.  
 
All taxa in the tree were scored as presence (1) or absence (0) of 2-pyrrolidinone, 
those untested species that showed in the tree were scored as a question mark “?”. To 
investigate the potential coevolution between web architecture and the ant deterrent, we 
also coded web architecture as a character. To investigate the potential coevolution 
between silk diameter and ant deterrent, spiral silk diameters were coded as a continuous 
character. Mirror trees were then reconstructed to examine whether the evolution of 2-
pyrrolidione is closely related to web architecture and spiral silk diameter. To make the 
mirror tree more visible, I cut out all outgroup clades so as to highlight the clades where 
2-pyrrolidinone was present. Super phylogenetic tree and mirror trees were made in 




2-pyrrolidinone was present in the web silk of 22 genera in two families of orb-weaving 
spiders (Figure 6-1). The origin of the chemical was in the common ancestor of a major 
araneoid clade uniting Araneidae and Nephilidae. The ancestral web condition at this 
level is a typical orb web. The phenotypic expression of the chemical seemed to have 
evolved once, but lost up to seven times (Figure 6-1).  
 
The phenotypic expression of the chemical was lost up to seven times, although 
the reconstruction in a part of the tree is ambiguous. At least according to some of the 
possible character optimizations, the absences in the following taxa seemed to represent 
105 
parallel losses: i) Nephilengys, ii) Nephilingis, iii) Singa, iv) Neoscona, v) Witica, vi) the 
clade with Acusilas, Cyrtophora and Mecynogea, and vii) the clade with Cyrtarachne, 
gasteracanthines and several well-known araneids. Another interpretation of this 
ambiguously optimized pattern would be with three parallel losses (Nephilengys, 
Nephilingis, and a clade containing most araneids), but this would imply many more 
reacquisitions of the trait. If one presumes that reacquisitions of this complex phenotypic 




Figure 6-1. Evolutionary route of ant-deterrent in web-building spiders. Branches in red refer to 
the taxa in which 2-pyrrolidinone was present in the web silk, while branches in white refer to 
the taxa in which 2-pyrrolidinone was absent in the web silk. 
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The web architecture seemed to have close corelation with the presence and 
absence of 2-pyrrolidinone: 2-pyrrolidinone was absent in all three-dimensional (3-D) 
non orb-web species such as cobweb weavers (Theridiidae), sheet-web weavers 
(Linyphiidae), the species with a modified orb with retreat such as Cyrtophora, Acusilas 
in Araneidae, Herennia and Nephilengys and Nephilengis in Nephilidae, and the species 
with reduced web such as Gnoclus and Cyrtarachne in Araneidae, and all species in 




Figure 6-2. Correlation between the evolution of ant-deterrent 2-pyrrolidione and web 




 Spiral silk diameter seemed to be not correlated with the absence and presence of 
2-pyrrolidione, because some taxa such as Micrathena and Mangora that have small 
spiral diameter used the chemical while other taxa such as Gasteracantha, Anepsion, and 






Figure 6-3. Correlation between the evolution of ant-deterrent 2-pyrrolidione and spiral silk 





We investigated the evolution of ant deterrent 2-pyrrolidinone in web-building spiders, 
and clearly showed how it has evolved. It is absent in two most species-rich families, 
Theridiidae and Linyphiidae, which have transformed from orb-web into different aerial 
sheets (Blackledge et al. 2009). During the transformation of web morphology, many 
theridiids even evolved to specifically prey on ants (Reisking & Levi 1967). 2-
pyrrolidinone is absent in the webs of all cribellate spiders. This suggests that ecribellate 
spiders may have abandoned costly cribellate capture silk during the web evolution from 
cribellate orb webs to ecribellate webs (Blackledge et al. 2009), but they may have 
chosen other ways for defensive means, such as applying ant deterrent  on the silk.  
 
In Chapter 3, I used myrmicinae ants for behavioural bioassays (Zhang et al. 
2012), in that these taxa have been reported to prey on spiders (Creighton 1950; 
Hölldobler & Wilson 1990). Myrmicinae ants, a large group with a wide range of body 
sizes, occurred sometime in the early Cretaceous (115–135 Mya) (Brady et al. 2006). 
Orb-weaving spiders first evolved and diversified in the Jurassic, at least 125 Mya 
(Selden 1989), and family Araneidae, Linyphiidae and Theridiidae existed at least since 
Cretaceous (Penney 2002), thus during the long history of interaction, ants as common 
predators, could pose direct selection pressure on diversification of spiders.  
 
  The loss of expression at the node of the clade containing Cyrtophora, 
Mecynogea and Acusilas corresponds precisely with a major modification of the orb web 
from a typical orb to a modified orb via the addition of a retreat (Figure 6-2). A similar 
correspondence in the evolution of the two traits can be seen in Nephilingis. Such web 
modification in the other nephilid clade that units Herennia and Nephilengys, predates 
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the loss of the chemical by one node, and may still be consistent with such pattern, 
although the expression of the chemical was retained in Herennia (Figure 6-2). 
However, no correspondence of these two traits in zygiellids, which all produce the 
chemical in their retreat-modified webs, suggests that the coevolution is not universal. 
There also seems to be no such correspondence in the other clades that show an 
evolutionary loss of the chemical production: Singa, Neoscona, Witica, and the clade 
Cyrtarachne (Figure 6-2). 
 
In this study, I hypothesized that the mechanic property of spider silk may enable 
those species without ant deterrent to avoid ants. My results suggest that the diameter of 
spiral silk may have not coevolved with 2-pyrrolidione. Ants might not have driven 
spiders to modify the mechanic property of their silk (Figure 6-3). Some 2-pyrrolidinone 
absence species might have evolved to use other chemicals for defensive use. For 
example, Nephilengys spiders build elongated orb webs in forests, which fan-out from 
one trunk, and anchor on another trunk or on the ground vegetation and leaf litters, or 
directly on the ground, where all kinds of ants are living and actively foraging (Kuntner 
2007). The scaffold silk thread is sufficiently strong for small ants to mount on and 
traverse, therefore providing an accessible way for ants to invade the web. However, it 
has a retreat in the web, which has 3-D barrier threads, making it looks quite similar to 3-
D webs, and in the field, I often observed that large ants were entangled on the web of 
juvenile Nephilengys and were consumed. Thus it is possible that these ants are food 
resources for juveniles. For small ants, the chemicals on the silk may deter them. I found 
that it contains some unsaturated fatty acids, one of which is oleic acid. This acid was 
reported to be “necromone” in ants, bees, butterflies and many isopods, which are 
released by their corpses, and their conspecifics take it as cue to remove or avoid the 
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dead ones, which have succumbed to disease or places where predators were lurking 
(Yao et al. 2009). This acid is indicated to act as the necrophoric releaser in many ant 
species (Blum 1970; Haskins & Haskins 1974; Lopez-Riquelme et al. 2006). Therefore I 
assume that the 3-D retreat and other chemicals such as oleic acid on the silk may enable 
Nephilengys to get rid of ant invasion.  
 
In addition, by modifying the web, some 2-pyrrolidinone absence species are 
capable of defending against ants. For example, Cyrtophora and Mecynogea modified 
their web to be tent web, which are quite similar to 3-D webs, having complicated barrier 
silks in the fringe of webs, which ants could not trespass. Others, such as Acusilas, builds 
regular vertical orb-webs but with a rolled leaf in the center as a hidden retreat (Schmidt 
& Scharff 2008), which is hard for predators to capture the spiders directly.  
 
The behaviour of some species may also prevent some species from ant attack. 
For example, Cyrtarachne, Poltys and Paraplectana build their webs at night and recycle 
their webs around dawn so that to avoid most of ant species (Smith et al. 2009).   
 
Sheet and cobweb weavers do not consume their own webs, but ecribellate orb-
weaving spiders often show such behaviour, especially those in Araneidae (Harmer & 
Herberstein 2009; Opell 1998; Townley et al. 2006). Blackledge et al. (2009) suggested 
that recycling may have to do with recovery of materials in the viscid glue. I hypothesize 
that 2-pyrrolidone may be one of the main compounds that spiders recycle, since its 
concentration is the highest among all the compounds in the web and costly to be 
produced (Zhang et al. 2012).   
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Among web-building spiders, only ecribellate orb-weaving spiders but not sheet 
and cobweb weavers consume and recycle their own webs (Blackledge et al. 2009; Opell 
1998; Townley et al. 2006). It has been hypothesized that the protein in the silk (Opell 
1998) or the viscid glue (Blackledge et al. 2009; Townley et al. 2006) is the main 
materials the spiders recycled because it takes energy for spiders to produce. We suspect 
among these orb weavers, the ant defensive chemicals are also another factor that 
stimulates them to recycle, since the ant deterrent 2-pyrrolidinone is facultatively applied 
on the silk, which has been demonstrated in golden orb-weaving spider Nephila 
antipodiana (Zhang et al. 2012). Many other species in Araneidae also use ant deterrent, 
but because of the paucity of phylogenetic data, I did not incorporate it into the 
phylogenies, such as Nuctenea, Parazygiella, Yaginumia, Zilla, and Parawixia (Table 6-
1). 
 
In conclusion, ant deterrent 2-pyrrolidione is confined in a small clade, Araneidae 
and Nephilidae, and evolved once, and lost up to seven times during evolution within 
Aranoidea. Under strong selection pressures from predatory ants, spiders may have 
shaped their web architecture so as to avoid predation by ants. The evolutionary pattern 
of web architectures was previously thought to be caused by predatory daub wasp 
(Blackledge et al. 2003), my results in this study suggest that ants may function as 
another selection force underlying the evolution of web architectures of spiders. 
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Table 6-1. Spider species that have been surveyed for presence and absence of ant deterrent 2-pyrrlidinone 
 
Family Genus Species 2-Pyrrolidinone Web type 
Spiral diameter 
(µm) Locality 
Agelenidae Agelena  Agelena sp. Negative 3-D non-orb  Wuhan, China 
Agelenidae Agelena  Agelena sp. Negative 3-D non-orb  Wuhan, China 
Araneidae Acanthepeira stellata Negative typical orb  USA 
Araneidae Acusilas  coccineus Negative 
retreat-
modified orb  Pulau Ubin, Singapore 
Araneidae Acusilas  malaccensis Negative 
retreat-
modified orb  
Xishuangbanna Tropical 
Rainforest Park, Menglun, 
Yunnan, China 
Araneidae Acusilas  malaccensis Negative 
retreat-
modified orb  
Bubang Large Plot, Mengla, 
Xishuangbanna, Yunnan, 
China 
Araneidae Acusilas  malaccensis Negative 
retreat-
modified orb  
Bubang Large Plot, Mengla, 
Xishuangbanna, Yunnan, 
China 
Araneidae Acusilas  Acusilas sp. Negative 
retreat-
modified orb  
Xishuangbanna Tropical 
Rainforest Park, Menglun, 
Yunnan, China 
Araneidae Acusilas  Acusilas sp. Negative 
retreat-
modified orb  
Xishuangbanna Tropical 
Rainforest Park, Menglun, 
Yunnan, China 
Araneidae Acusilas  Acusilas sp. Negative 
retreat-
modified orb  
Xishuangbanna Tropical 
Rainforest Park, Menglun, 
Yunnan, China 
Araneidae Anepsion depressium Negative typical orb 0.55±0.20 Pulau Ubin, Singapore 
Araneidae Anepsion depressium Negative typical orb  Pulau Ubin, Singapore 
Araneidae Anepsion depressium Negative typical orb  Pulau Ubin, Singapore 
Araneidae Anepsion depressium Negative typical orb  Labrador Park, Singapore 
Araneidae Araniella Araniella sp. Negative typical orb  Wuhan, China 
Araneidae Araniella Araniella sp. Negative typical orb  Wuhan, China 
Araneidae Araniella cucurbitina Negative typical orb  Near Stanjel, Slovenia 
Araneidae Caerostris Caerostris sp. Negative typical orb 1.51±0.34 
Perinet, Feon'ny Ala, 
Madagascar 
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Araneidae Caerostris Caerostris sp. Negative typical orb  
Perinet, Feon'ny Ala, 
Madagascar 
Araneidae Caerostris darwini Negative typical orb  
Perinet, Feon'ny Ala, 
Madagascar 
Araneidae Caerostris darwini Negative typical orb  
Perinet, Feon'ny Ala, 
Madagascar 
Araneidae Caerostris darwini Negative typical orb  
Perinet, Feon'ny Ala, 
Madagascar 
Araneidae Caerostris sumatrana Negative typical orb  Yunnan, Xishuangbana 
Araneidae Cyclosa bifida Negative typical orb 0.71±0.14 
Path 3, Cameron Highlands, 
Malaysia 
Araneidae Cyclosa bifida Negative typical orb  
Path 3, Cameron Highlands, 
Malaysia 
Araneidae Cyclosa insulana Negative typical orb  Labrador Park, Singapore 
Araneidae Cyclosa insulana Negative typical orb  Pulau Ubin, Singapore 
Araneidae Cyclosa octotuberculata Negative typical orb  HZAU, Wuhan, China 
Araneidae Cyclosa Cyclosa sp. Negative typical orb  Wuhan, China 
Araneidae Cyclosa mulmeinensis Negative typical orb  Labrador Park, Singapore 
Araneidae Cyrtarachne bufo Negative reduced web  Singapore 
Araneidae Cyrtarachne Cyrtarachne sp. Negative reduced web  Chengdu, China 
Araneidae Cytophora moluccensis Negative 
retreat-
modified orb  
Selamat datang, Cameron 
Highlands, Malaysia 
Araneidae Cytophora moluccensis Negative 
retreat-
modified orb  
Selamat datang, Cameron 
Highlands, Malaysia 
Araneidae Cytophora moluccensis Negative 
retreat-
modified orb  Labrador Park, Singapore 
Araneidae Cytophora beccarii Negative 
retreat-
modified orb  Mangrove, Singapore 
Araneidae Cytophora beccarii Negative 
retreat-
modified orb  Mangrove, Singapore 
Araneidae Cytophora unicolor Negative 
retreat-
modified orb  Kent Ridge Park 
Araneidae Cytophora unicolor Negative 
retreat-
modified orb  Labrador Park, Singapore 
Araneidae Cytophora unicolor Negative 
retreat-
modified orb  Labrador Park, Singapore 
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Araneidae Eriophora Eriophora sp. Negative typical orb  Seymour, Victoria, Australia 
Araneidae Eriovixia laglaizei Negative typical orb  
Pulau Ubin Mangrove, 
Singapore 
Araneidae Gasteracantha doriae Negative typical orb 1.10±0.27 Genting Highlands, Malaysia 
Araneidae Gasteracantha arcuata Negative typical orb  
Xishuang Banna tropical 
botanic gardern 
Araneidae Gasteracantha arcuata Negative typical orb  
Xishuang Banna tropical 
botanic gardern 
Araneidae Gasteracantha arcuata Negative typical orb  
Xishuang Banna tropical 
botanic gardern 
Araneidae Gasteracantha hasseltii Negative typical orb  Genting Highlands, Malaysia 
Araneidae Gasteracantha hasseltii Negative typical orb  Genting Highlands, Malaysia 
Araneidae Gasteracantha hasseltii Negative typical orb  NUS campus 
Araneidae Gasteracantha Gasteracantha sp. Negative typical orb  
Perinet, Feon'ny Ala, 
Madagascar 
Araneidae Lariniaria argiopiformis Negative typical orb  Wuhan, China 
Araneidae Neoscona theisi Negative typical orb 4.36±1.58 Genting Highlands, Malaysia 
Araneidae Neoscona theisi Negative typical orb  Genting Highlands, Malaysia 
Araneidae Neoscona scylloides Negative typical orb  Qiong Lai, Sichuan, China 
Araneidae Neoscona scylloides Negative typical orb  HZAU, Wuhan, China 
Araneidae Neoscona Neoscona sp1. Negative typical orb  Guiyang, China 
Araneidae Neoscona Neoscona sp1. Negative typical orb  Qionglai, Sichuan, China 
Araneidae Neoscona Neoscona sp1. Negative typical orb  Qionglai, Sichuan, China 
Araneidae Neoscona Neoscona sp2. Negative typical orb  Qionglai, Sichuan, China 
Araneidae Neoscona Neoscona sp3. Negative typical orb  Wuhan, China 
Araneidae Neoscona Neoscona sp4. Negative typical orb  Wuhan, China 
Araneidae Neoscona Neoscona sp5. Negative typical orb  Qionglai, Sichuan, China 
Araneidae Neoscona Neoscona sp6. Negative typical orb  Guiyang, Guizhou, China 
Araneidae Neoscona Neoscona sp7. Negative typical orb  Chengdu, Sichuan, China 
Araneidae Paraplectana tsushimensis Negative 
retreat-
modified orb  
Xishuang Banna botanic 
gardern 
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Araneidae Plebs eburnus Negative typical orb  
Dimbulah, Queensland, 
Australia 
Araneidae Plebs eburnus Negative typical orb  Seymour, Victoria, Australia 
Araneidae Poltys Poltys sp. Negative typical orb  
Baka (55km milestone), 
Menglun, Xishuangbanna, 
Yunnan, China 
Araneidae Poltys Poltys sp. Negative typical orb  
Baka (55km milestone), 
Menglun, Xishuangbanna, 
Yunnan, China 
Araneidae Poltys Poltys sp. Negative typical orb  
 Xishuangbanna, Yunnan, 
China 
Araneidae Poltys illepidus Negative typical orb  Kent Ridge park, Singapore 
Araneidae Poltys illepidus Negative typical orb  
Old upper Thompson Road, 
Singapore 
Araneidae Singa Singa sp. Negative typical orb  
Vnanje Gorice, Brezovica pri 
Ljubljani, Slovenia 
Araneidae Singa Singa sp. Negative typical orb  
Vnanje Gorice, Brezovica pri 
Ljubljani, Slovenia 
Araneidae Singa Singa sp. Negative typical orb  
Vnanje Gorice, Brezovica pri 
Ljubljani, Slovenia 
Araneidae Singa Singa sp. Negative typical orb  
Vnanje Gorice, Brezovica pri 
Ljubljani, Slovenia 
Araneidae Talthybia depressa Negative typical orb  
Yunnan, Xishuangbana, 
China 
Araneidae Witica crassicaudus Negative typical orb  Rio Camuy, Puerto Rico 
Araneidae Witica crassicaudus Negative typical orb  Rio Camuy, Puerto Rico 
Araneidae Acroaspis tuberculifera Positive typical orb  Seymour, Victoria, Australia 
Araneidae Acroaspis tuberculifera Positive typical orb  Seymour, Victoria, Australia 
Araneidae Aculepeira ceropegia Positive typical orb  Solovenia 
Araneidae Aculepeira ceropegia Positive typical orb  Solovenia 
Araneidae Arachnura Arachnura sp. Positive typical orb  
Path 9, Cameron Highlands, 
Malaysia 
Araneidae Arachnura Arachnura sp. Positive typical orb  
Path 9, Cameron Highlands, 
Malaysia 
Araneidae Araneus mitificus Positive typical orb 3.93±1.30 
Henry Barlay's estate, 
Genting Highlands,Malaysia 
Araneidae Araneus mitificus Positive typical orb  Labrador Park, Singapore 
Araneidae Araneus mitificus Positive typical orb  Labrador Park, Singapore 
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Araneidae Araneus ejusnodi Positive typical orb  Chengdu Botanic Garden 
Araneidae Araneus diadematus Positive typical orb  Near Dutovlje, Solovenia 
Araneidae Araneus diadematus Positive typical orb  Near Dutovlje, Solovenia 
Araneidae Araneus diadematus Positive typical orb  Osp, Slovenia 
Araneidae Araneus diadematus Positive typical orb  Osp, Slovenia 
Araneidae Araneus hamiltoni Positive typical orb  Seymour, Victoria, Australia 
Araneidae Araneus pegnia Positive typical orb  USA 
Araneidae Araneus qianshan  Positive typical orb  Wuhan, China 
Araneidae Araneus ventricosus Positive typical orb  Wuhan, China 
Araneidae Argiope versicolor  Positive typical orb 3.77±0.91 
Tanah Rata, Cameron 
Highlands, Malaysia 
Araneidae Argiope versicolor  Positive typical orb  
Tanah Rata, Cameron 
Highlands, Malaysia 
Araneidae Argiope versicolor  Positive typical orb  
Tanah Rata, Cameron 
Highlands, Malaysia 
Araneidae Argiope mangal Positive typical orb  Genting Highlands, Malaysia 
Araneidae Argiope mangal Positive typical orb  Genting Highlands, Malaysia 
Araneidae Argiope mascordi Positive typical orb  
Tinaroo, Queensland, 
Australia 
Araneidae Argiope magnifica Positive typical orb  
Almaden, 
Queensland,Austalia 
Araneidae Austracantha minax Positive typical orb  Seymour, Victora, Australia 
Araneidae Gea spinipes  Positive typical orb  
Tanah Rata, Cameron 
Highlands, Malaysia 
Araneidae Gea spinipes  Positive typical orb  
Tanah Rata, Cameron 
Highlands, Malaysia 
Araneidae Gea spinipes  Positive typical orb  Pulau Ubin 
Araneidae Gea spinipes  Positive typical orb  Labrador Park, Singapore 
Araneidae Lariniodes cornuta Positive typical orb 2.56±0.76 Wuhan, China 
Araneidae Lariniodes cornuta Positive typical orb  Wuhan, China 
Araneidae Lariniodes cornutus Positive typical orb  USA 
Araneidae Lariniodes cornutus Positive typical orb  USA 
Araneidae Lariniodes cornutus Positive typical orb  USA 
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Araneidae Lariniodes sclopetarius Positive typical orb  Slovenia 
Araneidae Lariniodes sclopetarius Positive typical orb  Slovenia 
Araneidae Lariniodes sclopetarius Positive typical orb  Slovenia 
Araneidae Lariniodes sclopetarius Positive typical orb  Slovenia 
Araneidae Lariniodes Lariniodes sp. Positive typical orb  Guiyang, China 
Araneidae Lariniodes Lariniodes sp. Positive typical orb  Guiyang, China 
Araneidae Lariniodes Lariniodes sp. Positive typical orb  Guiyang, China 
Araneidae Leviellus thorelli Positive typical orb  Vukovica, Slovenia 
Araneidae Leviellus thorelli Positive typical orb  Vukovica, Slovenia 
Araneidae Leviellus thorelli Positive typical orb  Vukovica, Slovenia 
Araneidae Leviellus thorelli Positive typical orb  Vukovica, Slovenia 
Araneidae Mangora acalypha Positive typical orb 0.77±0.16 Near Dutovlje, Solovenia 
Araneidae Mangora acalypha Positive typical orb  Near Dutovlje, Solovenia 
Araneidae Micrathena mitrata Positive typical orb 1.26±0.30 USA 
Araneidae Neogea nocticolor Positive typical orb  
Path 3, Cameron Highlands, 
Malaysia 
Araneidae Neogea nocticolor Positive typical orb  
Path 3, Cameron Highlands, 
Malaysia 
Araneidae Nuctenea umbratica Positive typical orb  Vukovica, Slovenia 
Araneidae Nuctenea umbratica Positive typical orb  Vukovica, Slovenia 
Araneidae Nuctenea umbratica Positive typical orb  Vukovica, Slovenia 
Araneidae Parazygiella  montana Positive 
retreat-
modified orb  Poklsuka, Slovenia 
Araneidae Parazygiella  montana Positive 
retreat-
modified orb  Poklsuka, Slovenia 
Araneidae Parazygiella  montana Positive 
retreat-
modified orb  Poklsuka, Slovenia 
Araneidae Parazygiella  montana Positive 
retreat-
modified orb  Poklsuka, Slovenia 
Araneidae Parazygiella  montana Positive 
retreat-
modified orb  Poklsuka, Slovenia 
119 
Araneidae Phonognatha  graeffei Positive typical orb  Seymour, Victoria, Australia 
Araneidae Yaginumia sia Positive typical orb  Guizhou, China 
Araneidae Yaginumia sia Positive typical orb  Guizhou, China 
Araneidae Yaginumia sia Positive typical orb  Guizhou, China 
Araneidae Zilla diodia Positive typical orb  Vipava, Slovenia 
Araneidae Zilla diodia Positive typical orb  Near Stanjel, Slovenia 
Araneidae Zilla diodia Positive typical orb  Near Stanjel, Slovenia 
Araneidae Zilla Zilla sp. Positive typical orb  Qionglai, Sichuan, China 
Araneidae Zygiella  keyserlingi Positive 
retreat-
modified orb 0.73±0.20 Beli Kriz, Slovenia 
Araneidae Zygiella  keyserlingi Positive 
retreat-
modified orb  Beli Kriz, Slovenia 
Araneidae Zygiella  x-notata Positive 
retreat-
modified orb  Vipava, Slovenia 
Araneidae Zygiella  x-notata Positive 
retreat-
modified orb  Vipava, Slovenia 
Araneidae Zygiella  x-notata Positive 
retreat-
modified orb  Vipava, Slovenia 
Araneidae Zygiella  x-notata Positive 
retreat-
modified orb  Vipava, Slovenia 
Araneidae Zygiella  Zygiella sp. Positive 
retreat-
modified orb  Wuhan, China 
Araneidae Zygiella  Zygiella sp. Positive 
retreat-
modified orb  Wuhan, China 
Araneidae Micrathena sagittata Postitive typical orb  USA 
Araneidae Parawixia dehaani  Postive typical orb  Pulau Ubin 
Araneidae Parawixia dehaani  Postive typical orb  Pulau Ubin 
Araneidae Parawixia dehaani  Postive typical orb  Pulau Ubin 
Desidae Badumna longinqua Negative 3D non-orb  
Melbourne, Victoria, 
Australia 
Dinopidae Dinopis Dinopis sp. Negative reduced web  Mongrove, Singapore 
Linyphiidae Lepthyphantes  Lepthyphantes sp. Negative 3D non-orb  Wuhan, China 
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Linyphiidae Neriene  japonica Negative 3D non-orb  Wuhan, China 
Linyphiidae Neriene  japonica Negative 3D non-orb  Wuhan, China 
Linyphiidae Neriene  japonica Negative 3D non-orb  Wuhan, China 
Linyphiidae Neriene  longipedella Negative 3D non-orb  Wuhan, China 
Linyphiidae Neriene  longipedella Negative 3D non-orb  Wuhan, China 
Linyphiidae Neriene  longipedella Negative 3D non-orb  Wuhan, China 
Nephilidae Nephilengys malabarensis Negative 
retreat-
modified orb 7.83±2.01 
Path 9, Cameron Highlands, 
Malaysia 
Nephilidae Nephilengys malabarensis Negative 
retreat-
modified orb  
Path 9, Cameron Highlands, 
Malaysia 
Nephilidae Nephilengys malabarensis Negative 
retreat-
modified orb  
Path 9, Cameron Highlands, 
Malaysia 
Nephilidae Nephilengys malabarensis Negative 
retreat-
modified orb  Genting Highlands, Malaysia 
Nephilidae Nephilingis borbonica Negative 
retreat-
modified orb  
Perinet, Feon'ny Ala, 
Madagascar 
Nephilidae Nephilingis borbonica Negative 
retreat-
modified orb  
Perinet, Feon'ny Ala, 
Madagascar 
Nephilidae Nephilingis borbonica Negative 
retreat-
modified orb  Perinet NP, Madagascar 
Nephilidae Nephila pilipes Negative typical orb 9.44±1.56 Pulau Ubin, Singapore 
Nephilidae Nephila pilipes Negative typical orb  Pulau Ubin, Singapore 
Nephilidae Nephila pilipes Negative typical orb  Pulau Ubin, Singapore 
Nephilidae Nephila pilipes Negative typical orb  Pulau Ubin, Singapore 
Nephilidae Nephila pilipes Negative typical orb  Pulau Ubin, Singapore 
Nephilidae Nephila pilipes Negative typical orb  Kent Ridge Park 
Nephilidae Nephila pilipes Negative typical orb  Kent Ridge Park 
Nephilidae Nephila pilipes Negative typical orb  Kent Ridge Park 
Nephilidae "Nephila" clavata Positive typical orb 4.17±1.16 Taiwan 
Nephilidae "Nephila" edulis Positive typical orb  Seymour, Victoria, Australia 
Nephilidae "Nephila" inaurata Positive typical orb  Perinet, Feon'ny Ala, 
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Madagascar 
Nephilidae "Nephila" inaurata Positive typical orb  Perinet NP, Madagascar 
Nephilidae "Nephila" inaurata Positive typical orb  Perinet NP, Madagascar 
Nephilidae "Nephila" inaurata Positive typical orb  Perinet NP, Madagascar 
Nephilidae Herennia multipuncta Positive  
retreat-
modified orb 3.42±0.07 Bukit Timah, Singapore 
Nephilidae Herennia multipuncta Positive  
retreat-
modified orb  Bukit Timah, Singapore 
Nephilidae Herennia multipuncta Positive  
retreat-
modified orb  Pulau Ubin, Singapore 
Nephilidae Herennia multipuncta Positive  
retreat-




Nephilidae Herennia multipuncta Positive  
retreat-




Nephilidae Herennia multipuncta Positive  
retreat-




Nesticidae Nesticus cellulanus Negative 3D non-orb 2.10±0.72 Tular Cave, Kranj, Slovenia 
Nesticidae Nesticus cellulanus Negative 3D non-orb  Tular Cave, Kranj, Slovenia 
Nesticidae Nesticus cellulanus Negative 3D non-orb  Tular Cave, Kranj, Slovenia 
Nesticidae Nesticus cellulanus Negative 3D non-orb  Tular Cave, Kranj, Slovenia 
Nesticidae Nesticus cellulanus Negative 3D non-orb  Tular Cave, Kranj, Slovenia 
Pholcidae Pholcus Pholcus sp. Negative 3D non-orb  Wuhan, China 
Psechridae Fecenia Fecenia sp1. Negative 
retreat-
modified orb  
Xishuang Ban Na, Botanic 
garden 
Psechridae Fecenia Fecenia sp1. Negative 
retreat-
modified orb  
Xishuang Ban Na, Botanic 
garden 
Psechridae Fecenia ochracea Negative 
retreat-
modified orb  Pulau Ubin, Singapore 
Psechridae Fecenia ochracea Negative 
retreat-
modified orb  Pulau Ubin, Singapore 
Psechridae Psechrus singaporensis  Negative 3D non-orb  Pulau Ubin, Singapore 
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Psechridae Psechrus singaporensis  Negative 3D non-orb  Pulau Ubin, Singapore 
Tetragnathidae Tetragnatha Teragnatha sp1. Negative typical orb 1.85±0.43 Genting Highlands, Malaysia 
Tetragnathidae Tetragnatha Teragnatha sp1. Negative typical orb  Genting Highlands, Malaysia 
Tetragnathidae Tetragnatha bituberculata Negative typical orb  
Atherton, Queensland, 
Australia 
Tetragnathidae Tylorida ventralis Negative typical orb  Kent Ridge Park, Singapore 
Tetragnathidae Tylorida ventralis Negative typical orb  Labrador Park, Singapore 
Tetragnathidae Tylorida ventralis Negative typical orb  Labrador Park, Singapore 
Tetragnathidae Tylorida striata Negative typical orb  Bukit Timah, Singapore 
Tetragnathidae Tylorida striata Negative typical orb  Bukit Timah, Singapore 
Tetragnathidae Leucauge decorata Negative typical orb 0.93±0.26 
Path 3, Cameron Highlands, 
Malaysia 
Tetragnathidae Leucauge decorata Negative typical orb  Pulau Ubin, Singapore 
Tetragnathidae Leucauge granulata Negative typical orb  
Dimbulah, Queensland, 
Australia 
Tetragnathidae Leucauge Leucauge sp. Negative typical orb  Qionglai, Sichuan, China 
Tetragnathidae Opadometa fastigata Negative typical orb  Labrador Park, Singapore 
Tetragnathidae Opadometa fastigata Negative typical orb  Kent Ridge Park, Singapore 
Tetragnathidae Opadometa fastigata Negative typical orb  Labrador Park, Singapore 
Tetragnathidae Opadometa Opadometa sp. Negative typical orb  Bukit Timah 
Tetragnathidae Opadometa Opadometa sp. Negative typical orb  Bukit Timah 
Tetragnathidae Opadometa Opadometa sp. Negative typical orb  Bukit Timah 
Tetragnathidae Meta merianae Negative typical orb  Tular Cave, Kranj, Slovenia 
Tetragnathidae Meta merianae Negative typical orb  Tular Cave, Kranj, Slovenia 
Theraphosidae Brachypelma smithi Negative reduced web  Spider lab, NUS 
Theraphosidae Brachypelma smithi Negative reduced web  Spider lab, NUS 
Theridiidae Achaearanea mundulum Negative 3D non-orb  Kent Ridge Park, Singapore 
Theridiidae Achaearanea mundulum Negative 3D non-orb  Kent Ridge Park, Singapore 
Theridiidae Achaearanea Achaearanea sp1. Negative 3D non-orb  Chengdu, China 
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Theridiidae Achaearanea Achaearanea sp2. Negative 3D non-orb  HZAU, Wuhan, China 
Theridiidae Achaearanea Achaearanea sp3. Negative 3D non-orb  Labrador Park, Singapore 
Theridiidae Achaearanea Achaearanea sp3. Negative 3D non-orb  Labrador Park, Singapore 
Theridiidae Achaearanea Achaearanea sp3. Negative 3D non-orb  Labrador Park, Singapore 
Theridiidae Argyrodes flagellum Negative 3D non-orb  Singapore 
Theridiidae Argyrodes cylindrogaster Negative 3D non-orb  HZAU, wuhan, China 
Theridiidae Chrysso Chrysso sp. Negative 3D non-orb  Kent Ridge Park, Singapore 
Theridiidae Chrysso Chrysso sp. Negative 3D non-orb  NUS campus 
Theridiidae Chrysso Chrysso venusta Negative 3D non-orb  Qionglai, Sichuan, China 
Theridiidae Chrysso Chrysso venusta Negative 3D non-orb  Qionglai, Sichuan, China 
Theridiidae Latrodectus geometricus Negative 3D non-orb  
Perinet, Feon'ny Ala, 
Madagascar 
Theridiidae Latrodectus geometricus Negative 3D non-orb  
Perinet, Feon'ny Ala, 
Madagascar 
Theridiidae Latrodectus geometricus Negative 3D non-orb  
Perinet, Feon'ny Ala, 
Madagascar 
Theridiidae Latrodectus hasselti Negative 3D non-orb  
Almaden, Queensland, 
Australia 
Theridiidae Steatoda grossa Negative 3D non-orb  
Dimbulah, Queensland, 
Australia 
Theridiidae Theridion Theridion sp. Negative 3D non-orb  
Melbourne, Victoria, 
Australia 
Uloboridae Hyptiotes paradoxus Negative typical orb  Primostek, Metlika, Slovenia 
Uloboridae Hyptiotes paradoxus Negative typical orb  Primostek, Metlika, Slovenia 
Uloboridae Hyptiotes paradoxus Negative typical orb  Primostek, Metlika, Slovenia 
Uloboridae Hyptiotes paradoxus Negative typical orb  Primostek, Metlika, Slovenia 
Uloboridae Miagrammopes Miagrammopes sp. 1 Negative typical orb  
Labrador Nature Reserve, 
Singapore 
Uloboridae Miagrammopes Miagrammopes sp. 2 Negative typical orb  El Yunque, Puerto Rico 
Uloboridae Miagrammopes Miagrammopes sp. 3 Negative typical orb  El Yunque, Puerto Rico 
Uloboridae Philoponella alata Negative typical orb  
Xishuang Ban Na, Botanic 
garden 
Uloboridae Philoponella alata Negative typical orb  
Xishuang Ban Na, Botanic 
garden 
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Uloboridae Philoponella alata Negative typical orb  
Xishuang Ban Na, Botanic 
garden 
Uloboridae Philoponella alata Negative typical orb  Bukit Timah mountain 
Uloboridae Philoponella prominens Negative typical orb  Wuhan, China 
Uloboridae Philoponella prominens Negative typical orb  Wuhan, China 
Uloboridae Philoponella prominens Negative typical orb  Wuhan, China 
Uloboridae Philoponella Philoponella sp1. Negative typical orb  Wuhan, China 
Uloboridae Philoponella Philoponella sp2. Negative typical orb  
Dimbulah, Queensland, 
Austalia 
Uloboridae Zosis geniculatus Negative typical orb  
Path 9, Cameron Highlands, 
Malaysia 
Uloboridae Zosis geniculatus Negative typical orb  
Path 9, Cameron Highlands, 
Malaysia 
Uloboridae Zosis geniculatus Negative typical orb  Pulau Ubin 




MATE BINDING: MALE ADAPTATION TO 
SEXUAL CONFLICT IN THE GOLDEN ORB-WEB 
SPIDER (NEPHILIDAE: NEPHILA PIPIPES) 
 
Abstract.  To counter female resistance to mating and cannibalism, males of many 
animal species have evolved a variety of behavioural adaptations. Here we investigated a 
novel copulatory courtship behaviour, mate binding, in which the male deposits fine silk 
onto the female body in-between copulation bouts, in an orb-web nephilid spider, 
Nephila pilipes. We hypothesized that mate binding might reduce female aggressiveness 
and sexual cannibalism and that both tactile and chemical cues play a role. We 
performed a series of mating trials, in which we blocked (1) the females’ tactile 
perception, (2) the females’ chemoreceptors, and (3) both types of communication. 
Wealso manipulated male spinnerets and thus male silk production. As predicted, mate 
binding reduced female resistance to repeated mating and her levels of sexual 
cannibalism.  Our results suggest that both tactile and chemical cues are crucial for mate 
binding to succeed in rendering females less aggressive, but that tactile cues are more 
important. We concluded that mate binding prolongs total copulation duration, whereby 
the male maximizes his paternity. Therefore, mate binding may serve as a mechanism 





Sexual conflict arises when reproductive interests of the two sexes diverge and is 
ubiquitous in animals (Arnqvist & Rowe 2005; Chapman 2006; Parker 1979).  Male 
reproductive success largely depends on the number of females the male fertilizes, and 
males are thus expected to maximize the number of mates. On the other hand, females 
may seek to mate with only higher quality males, and are thus expected to be more 
reluctant to mate or resist mating by males frequently (Andersson 1994).  Sexual 
cannibalism, where an aggressive female attacks, kills or consumes a male during a 
sexual encounter, may represent the ultimate sexual conflict (Elgar 1992; Elgar & 
Schneider 2004). Theory predicts that sexual conflict can lead to antagonistic 
coevolution, in which adaptations in each sex select for counter-adaptations in the other 
(Arnqvist & Rowe 2005; Chapman 2006; Parker 1979; Tregenza et al. 2006).  Female 
resistance to mating/remating and the risk of female cannibalism will promote a variety 
of male adaptations to circumvent or mitigate the conflicts over mating and sexual 
cannibalism. Indeed, a wide variety of behavioural, morphological and physiological 
male traits have been suggested to reduce female resistance to mating/remating and the 
risk of female cannibalism (e.g. (Arnqvist & Rowe 2005; Carazo et al. 2011; Elgar & 
Schneider 2004; Gwynne 2008; Han et al. 2010; Johnstone & Keller 2000; Kuntner et al. 
2009a; Lawrence 1992; Miller 2007; Raveh et al. 2011; Takeshita et al. 2011; Wedell et 
al. 2006). Empirical evidence is, however, still scarce. 
 
 Female resistance to mating/remating and sexual cannibalism are comparatively 
common in spiders (Elgar 1992; Elgar & Schneider 2004; Prenter et al. 2006; Schneider 
& Andrade 2011; Schneider & Lubin 1998; Wilder et al. 2009), where a variety of 
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behavioural male traits may serve as counter adaptations. These include elaborate 
courtship displays (Elgar & Nash 1988), nuptial gifts during courtship (Albo & Costa 
2010), opportunistic mating with feeding, hunting or moulting females (Fromhage & 
Schneider 2005; Moya-Laraño et al. 2004), genital mutilation and plugging (Kralj-Fišer 
et al. 2011; Nessler et al. 2009; Segoli et al. 2008), mate guarding (Fromhage & 
Schneider 2005; Kralj-Fišer et al. 2011), abdominal constriction (Andrade et al. 2005), 
and mate binding, in which the male deposits fine silk onto the female body in-between 
copulation bouts (Bruce & Carico 1988; Kuntner et al. 2009b). Nevertheless, among all 
these male behavioural traits, to date there has been only experimental demonstration of 
opportunistic mating with feeding females (Fromhage & Schneider 2005; Moya-Laraño 
et al. 2004) that reduces the male’s risk of cannibalism and injury. 
 
 Mate binding behaviour was first described by Robinson and Robinson in the 
nephilids Nephila pilipes (as N. maculata) and Herennia papuana (as H. ornatissima) 
((Robinson & Robinson 1980); see also (Kuntner et al. 2009b; Preston-Mafham & 
Preston-Mafham 1998), but is apparently more widespread as it was recently also found 
in Caerostris sp. (Matjaž Gregorič, personal communication). Kuntner and colleagues 
(Kuntner et al. 2009b) hypothesized that mate binding was an obligate component of the 
precopulatory repertoire in N. pilipes, but this, and its precise function, remain untested. 
Among the putative functions of mate binding, authors have suggested that it may serve 
as stimulation for the female (Robinson & Robinson 1980), or perhaps to counter female 
cannibalism (Kuntner et al. 2009b). Other authors simply assumed that mate binding silk 
strands are saturated with sexual pheromones (Preston-Mafham & Preston-Mafham 
1998). To date,  no study has experimentally tested any above hypothesis. Furthermore, 
the possibility of direct tactile communication between females and males during mate 
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binding has also not been explored. We studied all aspects of mate binding in Nephila 
pilipes, a common tropical nephilid spider with extreme sexual size dimorphism and 
cannibalism (Kuntner & Coddington 2009; Kuntner et al. 2009b). We focused on the 
function of mate binding and the mechanisms by which males could reduce female 
aggressive tendency and calm females to facilitate copulations. 
 
 In our preliminary experiments in the laboratory, we observed that virgin N. 
pilipes males may successfully mate with a female on her web without first performing 
mate binding. After covering the male’s spinnerets to prevent his laying of silk, mate 
binding-like movements without depositing silk were observed, with males successfully 
mating multiply and exhibiting mate binding behaviour whenever copulations were 
interrupted by aggressive females. These observations suggested that laying of silk per se 
was not essential during mate binding. Furthermore, the role of pheromones, if any, was 
questioned. In the present study, we determined whether the male-produced chemical or 
tactile cues (or both) were responsible to render females less aggressive and to allow 
further copulations. We hypothesized that mate binding was not necessary prior to the 
first successful copulation, but that it was necessary for subsequent successful bouts. We 
also hypothesized that both tactile and chemical signals during mate binding were 
important. To test these two hypotheses, we conducted behavioural assays in the 
labrotary, in which we manipulated the means of chemical and tactile communication of 
N. pilipes females and males. 
 
7.2. Materials and Methods  
 
7.2.1. Spiders and maintenance 
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The experiments were conducted in the laboratory using spiders collected from Pulau 
Ubin in Singapore (1º24'30'' N, 103º57'40'' E). To manipulate spiders with known mating 
histories, females were collected as subadults (i.e. one moult away from adulthood) and 
reared until adulthood in the laboratory (N = 162). In the field, usually 1- 6 adult males 
guard a subadult female in her web. Once the subadult female has reached maturity, 
males compete with each other for mating with the female (Robinson & Robinson 1980), 
and males rarely migrate from one web to another  to searching for new females unless 
local females go missing (personal observation). Thus we collected all adult males (N = 
212) from subadult females’ webs and checked their palps before use. Only males with 
intact palps [i.e. without any damage, see (Kuntner et al. 2009b)] were used in the 
experiments. In the laboratory, we kept females individually in plastic frames (50 × 50 × 
10 cm) with bamboo sticks attached to their inner sides to allow them to build complete 
orb-webs on which all mating trials were conducted. We destroyed the webs that had 
been built prior to maturity to ensure that females would build new webs after their final 
moult. All males were kept individually in foam-covered plastic vials (0.25 l). All 
spiders were kept in the laboratory with controlled environmental conditions 
(temperature: 25±10ºC; relative humidity: 80±  10%; photoperiod: 12L: 12D with 
lights between 0800 h and 2000 h). Males were fed with houseflies (Musca domestica) 
twice a week, while females were fed with mealworms (Tenebrio molitor) daily. Those 
spiders that were not subjected to treatments were released back to their original habitat. 
 
7.2.2. Behavioural definitions 
 
During mating trials, we defined a female as being aggressive if she i) shook her web and 
chased the male during his approach, ii) kicked the approaching male away when he 
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touched her legs, iii) furiously shook her body when the male was mounting on her 
dorsum, iv) forcefully flicked the male off and tried to grab him while he mounted her 
venter, v) abruptly interrupted mating, trying to kick the copulating male off and grab 
him. If the female kept motionless and passive, we interpreted this as being less 
aggressive, or calm.  
 
7.2.3. Function of mate binding 
 
To examine whether mate binding was a necessary component of the male precopulatory 
repertoire and whether it could reduce female aggressive tendency and cannibalism, we 
performed mating trials in the laboratory on female webs. Each individual (male and 
female) was used only once and thus had no courtship and mating experience before the 
trial. We started each trial by gently placing a male on female web about 15 cm away 
from her, and recorded all occurrences and combinations of insertion, mate binding, and 
cannibalism. If a male dismounted the female after she had aggressively interrupted the 
first insertion, the male was given 20 min to resume mating. We recorded whether the 
female became calm or cannibalized the male in the presence and absence of mate 
binding. Trials last one hour. All interactions between the male and female were filmed 
by HD video cameras. Nephila pilipes males often mate opportunistically when the 
female is engaged in wrapping or consuming prey (Kuntner et al. 2009b; Robinson & 
Robinson 1980);  therefore, no prey were provided to the females during the mating trials 
to control for the possibility of opportunistic mating, which would have reduced the 
occurrence and frequency of female cannibalism (Fromhage & Schneider 2005). Only 
trials in which males successfully mated (i.e. achieved their first insertion) were included 
in data analysis. A total of 30 successful trials were conducted.  
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7.2.4. Mechanisms of mate binding 
 
To explore the mechanisms underlying mate binding, i.e. to determine the roles of 
chemical and tactile communication, we carried out mating trials using manipulated 
spiders. Most chemoreceptors in spiders are located on the distal segments of appendages, 
e.g. tarsi and metatarsi (Barth 2002; Foelix 1970; Foelix & Chu-Wang 1973). Tactile 
communications between males and females during mate binding might occur on the 
female dorsum, which is where the male performs his behaviour; the female dorsum also 
bears tactile receptors in N. pilipes (Matthew Seah and D. Li unpublished data). 
Therefore, we performed two manipulations of the females by (1) covering the female 
dorsum to block the possible tactile communication between the male and female (i.e. 
tactile receptors blocked: T–) (Figure 7-1c,d); and (2) destroying chemoreceptors on the 
female’s forelegs and palps to prevent potential chemical communication between the 
mates (i.e. chemoreceptors destroyed: C–). To block tactile receptors on the females’ 
dorsum, we covered the dorsum with liquid super glue (Selleys®, PTY LIMITED, 
Australia) by gently applying a thin layer of glue on the dorsum of females using fine a 
brush. The glue dried in 15 s after coating. To minimize possible effect of glue odours on 
the behaviour of the manipulated spiders, we placed them in airy, open frames until the 
trials started.  
 
In order to destroy the chemoreceptors on female legs and palps, we soaked all 
appendages in 50 ml of 0.4 mol/ litre of zinc sulphate (ZnSO4. 7H2O) that dissolved in 
0.3% Triton-X for 6 min. This method has been reported to effectively de-innervate the 
chemoreceptive hair sensilla on the antennae of cricket Teleogryllus oceanicus 
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(Balakrishnan & Pollack 1997) and the chemoreceptors on the palps and legs of wolf 
spider Pardosa astrigera (Jiao et al. 2010). During 24-h testing, we observed no 
behavioural changes in females after such treatments compared with those untreated 
females, both groups building new webs and catching houseflies. In addition, males (N = 
4) showed similar courtship and mating tendencies towards treated and untreated females, 
suggesting the treatments to females did not influence courtship behaviour of the males.  
 
Virgin females were assigned at random to one of four groups: in Group 1 
(control), females were not treated (i.e. both tactile receptors and chemoreceptors were 
intact) (T+/C+); in Group 2, the female dorsum was covered with liquid super glue but 
its legs and palps were not treated by zinc sulphate (T–/C+) to test the effect of tactile 
communication alone on mate binding; in Group 3, the female legs and palps were 
treated by zinc sulphate but its dorsum was not covered by glue (T+/C–) to determine the 
effect of chemical communication alone on mate binding; and in Group 4, the females 
received both treatments (T–/C–) for testing the effects of both tactile and chemical 
communication on mate binding. 
 
Virgin males were randomly assigned to either the treatment or control group. In 
the control group, male spinnerets were not coated with liquid super glue. The treated 
males were anesthetized by CO2
 
 and their spinnerets coated carefully with liquid super 
glue (Figure 7-1e,f), which prevented their silk production (S–) during mate binding. We 
confirmed males’ spinnerets had been covered successfully by shaking off the males 
from a wood stick three times without observing any draglines (spiders always produce a 
dragline when falling).  
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To control for the possibility that glue odour may confound the outcomes of our 
experiments, we set another control groups, in which the posterior dorsal abdomen of the 
female was partly covered (about 1 cm2) with super glue, and the dorsum of the male, 
but not its spinnerets, was partly covered (about 0.1 cm2
 
) with glue.  
After manipulation, all males and females were given 12 h to adapt and recover. 
After manipulation, all males and females were given 12 h to adapt and recover. All 
trials were carried out within 12 h to 24 h period after the treatments. 
 
We began each trial by gently placing a randomly selected male (i. e. it could 
produce silk freely or could not produce silk) (S+ or S–) onto the web of a randomly 
selected female from either of four female groups about 15 cm away from her. For each 
trial, we recorded the occurrence of male mate binding and the responses of the female 
and the actions of the male in 20 min after mate binding, if any. If the male could tread to 
female’s abdomen to successfully mate with her in 20 min during mate binding, we 
deemed her as successfully calmed. If the female was still aggressive (for definition, see 
above), and the male failed to tread to her abdomen for mating, we deemed her as not 
having been calmed. Observations and recordings were made with HD camcorders. Both 
females and males were used only once. Only the trials in which males had exhibited 
mate binding were considered as successful.  
 
7.2.5. Data analysis 
 
We used a one-tailed sign test to analyse the data on the frequency of males that had 
exhibited mate binding in their first mating and the frequency of the mate-binding males 
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that succeeded in calming the females to allow the second insertion. We used goodness 
of fit chi-square tests to analyse the data on the frequency of males mated after mate 
binding. We performed Fisher’s exact test to analyse data on the frequencies of female 
cannibalism for males that exhibited mate binding and in those that had. All chi-square 
tests were performed using Minitab 15 (Minitab Inc., State College, PA, U.S.A.). Binary 
logistic regression was used to determine possible effects of treatments (female 
treatments: tactile receptors blocked and chemo-receptors destroyed; male treatments: 
spinnerets blocked or not) on female responses (calmed or not) to male mate binding.  
Logistic regression was the preferred option as it can analyze dependent variables with 
categorical outcomes (Field 2009). The output from this regression is expressed as the 
likelihood (also known as odds ratio, OR) that a particular outcome category (in relation 
to the reference category) will occur when a particular independent variable is present. 
Here, the analysis provided the OR for female behaviour (calmed or not) when a 
particular variable (female treatment or male treatment) was present. We performed one 
binary logistic regression to assess the associations between the independent (female and 
male treatments) and dependent (if the female calmed or not) variables. An OR of more 
than one meant that the female response (calmed or not) to male mate binding was more 
likely to occur when a particular treatment was present, and an OR of less than one 
meant that the female response was less likely to occur when that treatment was present. 
When calculating the OR for each combination of predictor-dependent variable, binary 
logistic regression assumes that all other variables are constant. Logistic regression was 
performed using IBM SPSS Statistics 19 (SPSS Inc., Chicago, IL, U.S.A.). 
 
7.3. Results  
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7.3.1. Behaviour of males and females during mate binding 
 
To perform mate binding, the male first mounted on the dorsal abdomen of the female, 
aligned with her head down, treaded quickly down to the carapace area, then rubbed his 
spinnerets against her carapace in a circular fashion. After one to several rounds, the 
male usually lifted its spinnerets, retreated to the starting point and carried there the silk 
threads. The male then ritualistically touch the female palps, seemingly to recheck her 
receptivity (Figure 7-1g). Should the female at this point not wave her palps or at least 
not in high frequency (more than three times per second), the male would proceed to her 






















































Figure 7-1. The orb-web spider Nephila pilipes male and female showing mate binding and 
treatments. (a) Mating showing the male inserting its right palp into the female’s epigynum; (b) 
dorsal view of female male showing a layer of fine silk on female’s dorsum laid by male (resting 
on dorsal abdomen) after mate binding; (c) male doing mate binding on female’s dorsum; (d) 
male doing mate binding on female’s dorsum which is coated with liquid super glue (i.e. female 
tactile receptors were blocked); (e) ventral view of female abdomen showing male’s spinnerets 
not being covered by liquid super glue (control: S+); (f) ventral view of female abdomen 
showing male’s spinnerets being coated with liquid super glue (S–); (g) male tapping on female 
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7.3.2. Function of mate binding 
 
In 30 successful mating trials, only 2 males (6.7%) exhibited mate binding prior to the 
first insertion (one-tailed sign test:, p ＜ 0.001), 23 males (76%) performed mate binding 
when their first copulation was interrupted by the female (χ21
 
 = 8.533, p = 0.003), and 22 
(96%) of the 23 mate-binding males succeeded in calming the females to allow their 
second insertion (one-tailed sign test:, p ＜ 0.001). Of 23 males that exhibited mate 
binding, only 4 (17.4%) were cannibalized, while of 7 males that did not show mate 
binding after their first insertion was interrupted but instead tried to resume copulation, 5 
(71.4%) were cannibalized (Figure 7-1h). This difference, however, was not statistically 
significant (Fisher’s exact test: p = 0.1). 
7.3.3. Mechanisms of male mate binding 
 
Direct binary logistic regression was performed to assess the female and male treatments 
on female responses (calmed or not) to mate binding. The full model included two 
independent variables, female treatments (i.e. covering female tactile receptors and 
destroying female chemoreceptors) and male treatment (i.e. blocking male spinnerets). 
The model as a whole revealed a unique statistically significant treatment effect on 
female responses (χ24 = 119.967, p < 0.001) and correctly classified 89.2% of females 
that were or were not calmed. As shown in table 7-1, both female treatments and male 
treatments were significant predictors of female aggressiveness (Figure 7-1). Compared 
to the control (T+/C+), covering female tactile receptors alone (T–/C+) or blocking both 
female tactile and chemoreceptors (T–/C–) increased the likelihood that females were not 
calmed despite mate binding (T–/C+: OR = 65.614; T–/C–: OR = 341.96). However, 
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destroying female chemoreceptors had no significant effect on the likelihood that 
females were not calmed compared to the control (OR = 0) (Table 1). Glue odour also 
had no significant effects on the likelihood that females were not calmed compared to the 
control (OR = 0) (Table 7-1). Compared to the control (S+), blocking male spinnerets 
(S–) increased the likelihood that females were not calmed (OR = 5.387) (Table 7-1). 
The OR for females that were not calmed when both tactile and chemoreceptors of 
females were blocked (T–/C–) (OR = 341.96), suggested that females remained 
aggressive despite the occurrence of mate binding mostly when both tactile and 
chemoreceptors of females were blocked. Out of 39 females, 33 were not calmed despite 
mate binding (Figure 7-2). 
 
To determine the relative importance of chemical and tactile communication in 
reducing female aggressiveness during mate binding, we compared the frequencies of 
females that were calmed during mate binding between the groups (T–C+) and (T+C–). 
Significantly fewer females were calmed in T–C+ group than T+C– group regardless of 
whether male spinnerets were covered (S–) (χ21 = 20.99, p ＜ 0.001) or not (S+) (χ21
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Figure 7-2. The number of females that were calmed and that were not in two male groups. (a) 
Male spinnerets were not blocked or control; (b) male spinnerets were blocked. T+/C+ or control 
group: both tactile and chemical communication were not blocked; T–/C+ group: only the tactile 
receptors was blocked; T+/C– group: only chemoreceptors were blocked; and T–/C– group: both 
tactile and chemoreceptors were blocked; Glue: the controls, which controlled for the effects of 
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Table 7-1. Binary logistic regression for testing the effects of female and male 
treatments on female aggressiveness (calmed: reference; not calmed: predicted) during 
male mate binding.  
      Odds 
ratio 
Odds ratio 95% 
CI 
Variable B S.E. Wald df p Exp (B) Lower Upper 
Female treatment   25.57 3 < 0.001    
   T–/C+ 4.18 1.11 14.33 1 < 0.001 65.61 7.52 572.7 
   T+/C– -17.57 6934 0 1 0.998 0 0 0 
   T–/C– 5.84 1.18 24.56 1 < 0.001 341.96 34.02 3436.9 
   Glue odour -16.61 11603 0 1 0.999 0 0 0 
Male treatment 
(S–) 
1.68 0.61 7.66 1 0.006 5.39 1.63 17.75 
Constant -4.60 1.12 16.80 1 < 0.001 0.01   
 
Treatments: female’s carapace covered to block tactile receptors: T–; destroying chemoreceptors: 
C–; male spinnerets blocked: S–; T+/C+ (control in the female treatments) was used as reference 
for the female treatments; S+ (control in the male treatment) was used as reference for male 
treatment. T–/C+: the treatment in which female’s tactile receptors were blocked alone; T+/C–: 
the treatment in which only the female’s chemoreceptors were destroyed; T–/C–: the treatment in 
which both tactile and chemoreceptors of females blocked; glue odour: the treatment in which 
the glue was applied to anterior ventral abdomen of the male and to posterior dorsal abdomen of 










We provide empirical evidence that mate binding is not an obligatory precopulatory 
behavioural element for males to mate with virgin females in N. pilipes since only 6.7% 
males exhibited mate binding before their first copulation with virgin females. As 
predicted, mate binding always occurred after females had interrupted copulations and 
became aggressive towards their suitors. Mate binding, then, greatly reduces female 
aggressiveness and thus facilitates subsequent copulations. Therefore, it may be seen as a 
counter-adaptation to female resistance to repeated mating rather than to mating per se. 
Moreover, the percentage of males being cannibalized by females decreased through 
mate binding from 71.4% to 17.4%, suggesting that mate binding may reduce sexual 
cannibalism (Kuntner et al. 2009b). More importantly, our study revealed the 
mechanisms of mate binding by which males reduce female aggressiveness; that is, both 
tactile and chemical cues together play crucial roles in rendering females more prone to 
repeated mating and in reducing the risk of sexual cannibalism. This is the first 
experimental demonstration of the advantage of male mate binding in a context of sexual 
conflict over female resistance to repeated mating and cannibalism.  
 
This study focused on elucidating the mechanisms of mate binding, which males 
employ to calm aggressive females. Our experiments showed that most of those females 
with both tactile receptors and chemoreceptors blocked were still aggressive despite the 
occurrence of mate binding (Figure 7-2). This demonstrates that both tactile and 
chemical communication between the genders is crucial for successful mate binding. 
Moreover, our data show that tactile cues are of higher importance for mate binding to 
successfully render females less aggressive and less resistant to repeated mating. There 
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are a few lines of evidence supporting this. First, during mate binding the tactile 
communication alone (T+/C–) could calm the females, even when female 
chemoreceptors were destroyed (Figure 7-2). Second, blocking female tactile receptors 
alone greatly reduced the number of females that were calmed compared with control 
group (T+C+S+). Third, fewer females were calmed during mate biting when female 
tactile receptors were blocked (T–/C+) compared with the group with only 
chemoreceptors blocked (T+C–).  
 
Contrary to the popular literature speculating that N. pilipes males use contact sex 
pheromones in the silk laid on females during mate binding (Preston-Mafham & Preston-
Mafham 1998), our results suggest this is unlikely; if pheromones are produced by males 
during mate binding then these are not contact but rather air-borne. Males often use 
chemical cues in searching for mates (Gaskett 2007), and these cues can be perceived by 
males as volatile (air-borne) pheromones at a longer distance or contact pheromones at a 
closer distance, such as on a female’s web silk, or draglines or on her body (Uhl & Elias 
2011). Although female sex pheromones are common in spiders, male sex pheromones 
are also reported and used in various stages of mating. For example, male black widow 
spider, Latrodectus hesperus, produces contact sex pheromones on its silk, which can be 
detected by chemoreceptors on female legs and palps (Ross & Smith 1979). On the other 
hand, male desert spider Agelenopsis aperta produces airborne chemicals to induce 
temporary catalepsy in female during courtship, in order to increase his chance of 
successful copulation without being cannibalized (Becker et al. 2005).  Likewise, male 
wolf spiders Allocosa brasiliensis and A. alticeps produce volatile sex pheromones 
which induce female courtship behaviour (Aisenberg et al. 2010). A male-produced sex 
pheromone, (Z)-9-tricosene, used to increase males’ copulation probability, was also 
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identified in a pholcid spider, Pholcus beijingensis (Xiao et al. 2010). Our study is the 
first indication of the air-borne male pheromones used to reduce female resistance to 
repeated mating and female cannibalism. 
 
In addition, the fact that when the tactile receptors were blocked (T–C+S+ and T–
C+S– trials) the percentage of females that were calmed varied from 16.7% when male 
spinnerets were covered (S–) to 66.7% when uncovered (S+) suggests that the effective 
air-borne male chemical signals might be produced from the spinnerets and nearby 
region around the spinnerets. While no sexual pheromone glands have been identified in 
any spider, it would be worthwhile examining N. pilipes male spinnerets or nearby 
regions for the potential presence of such glands. 
 
Silk deposition during the action of mate binding seems to be a by-product of 
tactile communication; instead, the action of moving around the dorsum of females with 
spinnerets rubbing against the dorsum appears to be important. In addition, our results 
show that tactile communication is the most important in this process. Therefore, the 
definition of mate binding, where male deposits fine silk on the dorsum of female 
(Kuntner et al. 2009b; Preston-Mafham & Preston-Mafham 1998), could also be more 
descriptively termed ‘mate massaging’. 
 
Copulation duration has long been thought as one of the most critical measures of 
male reproductive success (Simmons 2001). In general, copulation duration is positively 
related to sperm transfer, which may determine paternity, and thus males are expected to 
copulate as long as possible. To enhance their paternity, males of many spider species 
attempt to prolong their copulation duration. For instance, the copulation duration in 
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Argiope bruennichi is reported to be directly related to sperm transfer and relative 
paternity success (Schneider et al. 2006). In our study, male N. pilipes performed mate 
binding after being rejected or interrupted by the female, and it appears that mate binding 
enables the male to mate with the female multiply, thus maximizing his paternity.  
 
The present study is the first demonstration of the adaptive value of male mate 
binding through which males reduce female resistance to repeated mating and the risk of 
sexual cannibalism in N. pilipes. Such benefits may be achieved through both tactile and 
chemical communication between males and females during mate binding, but the 
former seems to be more important than the latter. Our results also suggest that silk 
deposition during mate binding may be a by-product of tactile communication and that 
the pheromones used may be air-borne and produced from male spinnerets or adjacent 
regions. In conclusion, mate binding may have evolved as a male counter-adaptation in a 
context of sexual conflict over female resistance to repeated mating and the risk of 














8.1. Active chemical defences in animals 
 
Chemical defence is employed by many animals to defend against predators (Eisner et 
al. 2005a). This strategy, however, has rarely been examined in details from the 
perspective of evolution. It actually can be defined into two broad categories, passive and 
active chemical defence. Little attention has been paid to active chemical defences. In 
this study, I introduced this new concept, active chemical defence, to differentiate the 
two types of chemical defences by reviewing empirical literature on the cases of active 
chemical defences that have been reported so far. In addition, I analysed the selection 
force behind the different active chemical defences. This study will improve our current 
understanding of chemical defences in the field of chemical ecology, and may provide 
new perspectives in understanding the evolution of chemical defences.  
 
8.2. Ant deterrence behaviour 
 
After reviewing the reported cases of active chemical defences in animals (Chapter 2), I 
found that such chemical defence has been seldom reported in spiders. It has been an 
ecological mystery for a long time that ants are rarely found foraging on the webs of orb-
weaving spiders, despite the abundance of both taxa. To address this issue, the chemical 
compounds on spider web silk were studied using GC-MS and behavioural bioassays. 
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The results in Chapter 3 showed that golden orb-web spider N. antipodiana applied ant 
deterring pyrrolidine alkaloid, 2-pyrrolidinone, on the silk of its web to defend against 
invasion of ants (Zhang et al. 2012). This compound occurs on the silk threads produced 
by adult and large juvenile spiders, but it is absent on threads produced by small juvenile 
spiders, whose threads are sufficiently thin to be inaccessible to ants, suggesting that this 
compound represents an adaptive response to the threat of natural enemies, rather than a 
simple by-product of silk synthesis (Zhang et al. 2012). This is the first report of the 
production of chemical components on spider web silks that act as a deterrent against 
natural enemies, although similar properties have been widely suspected (Lewis 2006), 
but without experimental evidence (Salles et al. 2006; Vollrath et al. 2002). The 
application of defensive compounds on the web silk may be attributed to the strong 
predation pressure from ants, which are the dominant animals in most terrestrial habitats, 
especially in the tropics (Hölldobler & Wilson 1990). The work of this experiment 
extended the perspective of active chemical defence into arachnids, which may enhance 
our understanding of chemical ecology of invertebrates. 
 
8.3. Source of ant deterrent 2-pyrrolidinone 
 
Although 2-pyrrolidinone has been found in the golden orb web spider N. antipodiana 
(Chapter 3), it was unclear which the ant-deterrent was produced by the spiders 
themselves, sequestered from the prey, or sequestered from the prey and then processed 
by the spiders. In Chapter 4, I addressed this by testing the absence and presence of 2-
pyrrolidinone throughout the life history of N. antipodiana, and the results suggest that it 
may be produced de novo by the spider because the eggs, the web silk produced by the 
hatchlings, small juveniles and prey were all negative in either 2-pyrrolidinone or its 
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derivatives, but the web silk produced by large juveniles positive. In addition, different 
kinds of specific web silk were tested individually to find out which type of silk would 
contain the ant-deterrent. The results showed that the compound is mainly on spiral silk 
and sometimes on scaffold and radial silk, but absent on frame silk. Furthermore, silk 
that were directly pulled out from spinnerets and the detached silk glands were tested as 
well, no 2-pyrrolidinone was detected on the silk glands and on the silk that were directly 
pulled out from the spinnerets. These results suggest that the compound may be 
produced simultaneously with spiral silk under natural situation.  
 
8.4. Chemical egg defence in spiders 
 
The mechanism by which spiders use to protect their eggs is largely unknown and it has 
been hypothesized that chemical defence may be involved (Hieber 1984). Using GC-MS 
and field bioassay trials (Chapter 5), I explored potential chemical egg defence in three 
species of orb-weaving spiders without parental care, N. pilipes, A. versicolor and N. 
malabarensis, and two species with parental care, S. pallida and P. pseudoannulata. I 
found no defensive chemical compounds in the eggs or on the silk that wraps the eggs of 
any species regardless of whether they exhibit parental care of eggs or not. Bioassays 
using the eggsacs of wolf spider P. pseudoannulata to be subjected to predatory weaver 
ants (Oecophylla smaragdina) and pharaoh ants (Monomorium pharaonis) further 
confirmed the lack of chemical defence in the eggs of species with parental care. This 
result is consistent with those reported in Mecynogea lemniscata and Araneus  aurantia  
(Hieber 1992), in which chemical defence may not be employed by these two species, 
but the eggsac architecture may provide protection for eggs. 
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8.5. Evolution of ant deterrence behaviour in web-building spiders 
 
In order to understand whether 2-pyrrolidinone is widely employed by web-building 
spiders to defend themselves against ants, the web silk of almost all the major taxa of 
typical web-building spiders from all over the world (13 families, 165 genera) was tested 
for the presence and absence of 2-pyrrolidinone (Chapter 6). I found that 2-pyrrolidinone 
was present in the web silk of 22 genera of spiders, suggesting that the previous report of 
ant deterrence behaviour is not a coincident event, but an evolutionary event. The origin 
of the ant-deterrent in a clade of orb-weaving spiders uniting Nephilidae and Araneidae 
within Araneoidea seems to be an important innovation. Although Eisner et al. (2005) 
has summarized in their book that certain alkaloids can be sequestered from host plants 
by some herbivores for defensive use, and to my knowledge, this would be the first 
report of a single defensive compound used by a wide range of number of species in any 
animal. To understand how ant deterrence behaviour has evolved, the phylogenetic tree 
of these web-building spiders was reconstructed based on molecular, morphological and 
behavioural data (Chapter 6), and the presence and absence of 2-pyrrolidinone for each 
tested species were mapped onto the phylogenetic tree. 2-pyrrolidinone is mainly used by 
two families of araneoid spiders: Nephilidae and Araneidae. It evolved only once within 
araneoids, and probably lost seven times. The absence of 2-pyrrolidione in some orb-
weaving species may attribute to the change of web architecture rather than mechanic 
property of silk such as silk diameter. Predatory wasps (e.g. mud-dauber wasps) are 
thought to be the primary selective force shaping the evolution of web architecture in 
aerial web-building spiders (Blackledge et al. 2003). The present study suggests that 
predation by ants may also act as a selective force driving the modification of typical orb 
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webs, and thus diversification of orb-weaving spiders. Therefore, this study may 
strengthen the current understanding of evolution of spider web architecture.  
 
8.6. Chemical defences used by males to decrease female cannibalism during mating 
 
To counter female resistance to remating and cannibalism, males of many animal species 
have evolved a variety of behavioural adaptations. Chemical defence, however, has been 
seldom studied in sexual cannibalism, especially in spiders (Herberstein & Wignall 
2011). In Chapter 7, by reporting a novel copulatory courtship behaviour, mate binding, 
in an orb-web nephilid spider, Nephila pilipes, in which the male deposits fine silk onto 
the female body, I revealed that chemical cues together with tactile cues can reduce 
female resistance to repeated mating and the levels of sexual cannibalism. To my 
knowledge, this is the first report that male spiders can use chemical defence to reduce 
sexual cannibalism of females during mating. This study may provide a new perspective 
in chemical communications in animals.  
 
8.7. Problems and limitations of the study   
 
Chemical defence is an important part in chemical ecology, which is, however, has been 
less studied in spiders since it is often plagued with limitations in techniques of current 
chemical analysis, and also chemical cues that are produced by some spiders are 
extraordinarily hard to detect. The biggest challenge is the identification of the chemicals 
responsible for the behavioural observations in spiders. For example, the experimental 
results showed that N. pilipes male deposit fine silk on female’s body, in which contains 
appeasing pheromones so as to reduce aggression of females during mating. However, 
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after extracting the fine silk produced by males using GC-MS and SPME (solid-phase 
micro-extraction), I failed to identify any effective compounds. This may attribute to the 
dose of the pheromones, which is hard for current equipment to detect though it has been 
reported that GC-MS can detect as low as 15 pg compounds in the Egyptian armyworm 
(Malo et al. 2000).. Although ant deterrent 2-pyrrolidone was found in orb-weaving 
spiders, its evolutionary route was plotted, and it may be biosynthesized by the spiders, 
the biosynthesis pathway of this compound remains unknown. Moreover, in the study of 
evolution of 2-pyrrolidone, the phylogenetic tree was not reconstructed based on my own 
data, so it is not comprehensive enough to cover all the species that I had tested. 
Furthermore, only one or two samples of silk were tested for some species due to 
unavailability of the samples, so it is uncertain if these species use the compound or not. 
Finally, the silk diameter data are not enough for a comprehensive comparison due to the 
unavailability of silk samples of many species.  
 
8.8. Future studies 
 
This study provides various insights that chemical defences are indeed important in 
spider behaviour. However, I mainly focused on one compound, 2-pyrrolidinone, in this 
study. It is highly possible that some spiders use other chemical compounds for 
defensive use. For example, in Nephilengy malabarensis, I found oleic acid, which is 
“necromone” in ants, bees, butterflies and many isopods.  It probably functions as ant 
deterrent as well (Yao et al. 2009). More defensive chemical compounds will thus be 
discovered in spiders in the future.  
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 The evolutionary route of ant deterrence behaviour in orb-weaving spiders was 
elucidated, and several hypotheses were proposed for why it is present in some species 
but absent in other species. Some spider species may use other chemical compounds 
rather than 2-pyrrolidinone for defensive use. The modification of web architecture from 
typical orb webs in some species may well prevent ant invasion. In other species, the 
mechanic property of spider silk may enable these species without ant deterrent to avoid 
ants. For example, the web silk is too thin for ants to cross. However, empirical evidence 
is needed to support these hypotheses.  
 
 The biosynthesis pathway of 2-pyrrolidione remains unknown, and further 
studies are thus needed. It is hypothesized that 2-pyrrolidinone is the decomposition 
product of γ-aminobutyric acid (GABA) (Aldrich et al. 1997), and GABA is found in 
some spider species that were found to use 2-pyrrolidione as ant deterrent, including 
Argiope trifasciata and A. aurantia (Anderson & Tillinghast 1980) and Araneus 
diadematus (Fischer & Brander 1960). Perhaps 2-pyrrolidinone may by synethesized 
from GABA in these orb-weaving spiders. Studies are therefore needed to investigate the 
biosynthesis pathway of this compound in orb-weaving spiders in the future.  
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Spider webs are made of silk, the properties of which ensure remarkable efficiency at capturing prey. How-
ever, remaining on, or near, the web exposes the resident spiders to many potential predators, such as ants.
Surprisingly, ants are rarely reported foraging on the webs of orb-weaving spiders, despite the formidable
capacity of ants to subdue prey and repel enemies, the diversity and abundance of orb-web spiders, and
the nutritional value of the web and resident spider. We explain this paradox by reporting a novel property
of the silk produced by the orb-web spider Nephila antipodiana (Walckenaer). These spiders deposit on
the silk a pyrrolidine alkaloid (2-pyrrolidinone) that provides protection from ant invasion. Furthermore,
the ontogenetic change in the production of 2-pyrrolidinone suggests that this compound represents an
adaptive response to the threat of natural enemies, rather than a simple by-product of silk synthesis: while
2-pyrrolidinone occurs on the silk threads produced by adult and large juvenile spiders, it is absent on
threads produced by small juvenile spiders, whose threads are sufficiently thin to be inaccessible to ants.
Keywords: facultative chemical defence; orb web; risk of predation; spider silk; ant deterrent;
2-pyrrolidinone1. INTRODUCTION
Chemical weaponry, including repellent or deterrent
odours that reduce the probability that the defending indi-
vidual is killed or loses its resource, is a common defence
mechanism among the myriad adaptations that have
evolved in response to selection by natural enemies [1,2].
Among the most widespread forms of defensive chemicals
are pyrrolidine alkaloids, a class of defense compounds
that many arthropods acquire from their food or biosyn-
thesize, which are toxic or unpalatable to a vast array of
potential predators [1–3]. Producing these chemical
defenses may be costly, perhaps reflected by the close link
between their expression and the risk of predation at the
population level [4] or following enemy attack at the indi-
vidual level [5]. Interestingly, individual adjustments of
chemical defence mechanisms according to the risk of pre-
dation are not widely documented—in contrast with, for
example, the vast literature on behavioural adjustments to
predation risk [6].
The silk produced by orb-web spiders (Araneoidea) has
extraordinary properties (including high strength, elasticity
and adhesion) that allow the web to be a highly efficient
means of arresting prey [7,8]. Many orb-web spiders
store the remains of prey in their webs [9], and these
items, together with other prey entangled in the web,
the protein-rich composition of silk [8] and the resident
spider itself, provide nutritional resources for predators
and scavengers, particularly small kleptoparasitic Argyrodes
spiders [10,11]. Ants can be major predators of spidersr for correspondence (dbslidq@nus.edu.sg).
authors contributed equally to the study.
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4 November 2011 1824[12–14], and workers of some species invade spider webs,
establishing foraging trails on the non-sticky silk strands to
access large caches of food [15,16]. Nevertheless, ants are
rarely reported foraging on the webs of orb-web spiders,
despite their diversity, abundance and vulnerability during
moulting [17–20], and the superabundance and formid-
able predatory capabilities of ants [21].
Goldenorb-web spidersNephila antipodiana (Nephilidae)
are found in forested areas, where they construct a prey-
capturing orb-web within a support frame comprised of
scaffold silk threads. The orb-web, which sustains damage
and accumulates small prey items, is consumed and
renewed by the resident spider every few days. The support-
ing silk frame can persist for several weeks or more, and ants
intending to invade the orb-webmust first traverse these silk
threads. While the structural properties of the silk, particu-
larly the diameter of the threads, may prevent large ants
from traversing the silk, other defences such as chemical
deterrents may be necessary for smaller ants. The pharaoh
ant, Monomorium pharaonis (L.), is a widespread, abundant
pest [22], and the very small workers are predators of
spiders [21,23]. Pharaoh ants live in forested areas where
N. antipodiana is found, including at our study site.
Here, we reveal a novel role of chemicals on the web silk
of N. antipodiana in providing defence against ants, and in
particular that these chemicals are deployed in response to
increased risk of attack by ants. We report the presence of a
pyrrolidine alkaloid, 2-pyrrolidinone, on the silk of the orb-
web spider N. antipodiana and demonstrate that it deters
workers of three species of myrmicine ants. Furthermore,
we show that 2-pyrrolidinone is present on the silk threads
produced by adult and large juveniles, but absent on
threads produced by small juveniles, whose threads areThis journal is q 2011 The Royal Society
bridges
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the production of 2-pyrrolidinone is an adaptive response
to the threat of natural enemies, rather than a simple








Figure 1. The bioassay chamber and ants crossing the silk
bridge. (a) The bioassay chamber. Workers had access to
and from the food source via different silk bridges that
were constructed from the scaffold threads of webs of Nephila
antipodiana. (b) A photo showing two Pheidole angulicollis
workers crossing the bridge (deterrent removed; top) con-
structed with the silk threads produced by adult Nephila
antipodiana and one ant retreating upon contacting the
bridge constructed with natural silk (control; bottom)
produced by adult N. antipodiana.2. MATERIAL AND METHODS
(a) Study subjects
We collected adult females, and large (body length. 4.1mm)
and small (body length , 4.1mm) juveniles of N. antipodiana
from various sites (Kent Ridge Park, National University of
Singapore, Labrador Nature Park) in Singapore. They were
maintained individually in plastic frames (females and large
juveniles: 100  100  30 cm; small juveniles: 30  30 
30 cm) in the laboratory under controlled environmental con-
ditions (temperature: 25+18C; relative humidity: 80+10%;
photoperiod: 12 L : 12 D cycle, with lights on at 08.00 and off
at 20.00). Spiders were allowed to build their webs in the
frames in the absence of any prey, thereby ensuring that any
compounds extracted from the silk were not contaminated
by the prey that had encountered the web. No spiders were
used more than once.
(b) Chemical analysis
We used gas chromatography–mass spectrometry (GC-MS)
to identify the chemicals on the surface of the silk.We obtained
silk from newly constructed spider webs that were uncontami-
nated by prey items, using sterilized glass rods (Fisher
Scientific, Pittsburgh, PA). We collected silk from single
webs built by adult or large juvenile females (n ¼ 21) or
small juveniles (n ¼ 20). The webs of adult and large juvenile
spiders provide plenty of silk for each sample. However,
small juvenile spiders produce less silk and we employed
three methods to ensure that an absence of ant-deterrent com-
pounds on the silk produced by these spiders was not an
artefact of small quantities of silk. Thus, for each method,
we obtained two samples, each comprising (i) 2.5 mg silk
spun by one or a few individuals of large juveniles (4.2–
7 mm body length), (ii) 2.5 mg silk spun by multiple small
juveniles (2.1–4 mm body length) and (iii) silk produced by
10 different small juvenile spiders ranging from 1.8 to
3.7 mm in body length. Each silk sample was placed in a
10 ml glass vial (Supelco, Bellefonte, PA) with 1 ml of metha-
nol, and solvent extraction involved shaking the vial with the
silk in the solvent for 10 min. The extract was then concen-
trated by blowing nitrogen gas over the surface of the extract
until the total amount of extract was 10 ml. Two microlitres
of each extract was inserted into a GC-MS system, using a
5R-GP syringe (SGE, Ringwood, Victoria, Australia). The
mass spectra were obtained with a HP GC 6890þ series
coupled with aMS 5973 detector. Zebron (ZB-1) polymethyl-
siloxane columns of 30 m  250 mm  0.25 mm capillaries
(Phenomenex, Torrance, CA) with Helium carrier gas of
1.5 mlmin–1 were used. The injector port and detector temp-
erature were maintained at 2808C. The separation protocol,
developed to ensure good separation of the compounds for
the analysis, started with an initial temperature at 508C for
3 min, then increased to 2808C at a rate of 48Cmin–1 and
was held at that temperature for 2 min. Subsequent compara-
tive analysis was conducted using the NIST02 and WILEY
275L database for possible identification of any chemicals.
The identified compound was compared with the reference
compound (99% 2-pyrrolidinone, GC grade; Sigma-Aldrich,
Bellefonte, PA). Nitrogen-gas-concentrated methanol aloneProc. R. Soc. B (2012)was used as a negative control to establish that no similar
peaks or ions of the compound were present in the spectrum.
We determined the concentration of 2-pyrrolidinone on
the web silk by obtaining 2.34–9.37 mg of silk from each
individual web of adult or large juvenile females (n ¼ 7),
and immersing the silk in methanol for 20 mins to extract
2-pyrrolidinone. We diluted the synthetic standard sequen-
tially in methanol to concentrations of 0.1, 1, 10, 50 and
100 mg ml–1, and 1 ml of each prepared solution was
injected into the GC-MS system to obtain the calibration
regression equation. The calibration regression equation is
y ¼ 517.666x þ 1150.505 (r2 ¼ 0.99751).
(c) Behavioural bioassays
Behavioural bioassays were conducted to test whether the
diameter of the silk or the presence of 2-pyrrolidinone deters
ant workers from the silk threads produced by N. antipodiana.
We initially used a natural population of pharaoh ants, M.
pharaonis (body length: 1.5–2 mm), located in the laboratory.
To confirm that 2-pyrrolidinone acts as a general deterrent, we
tested two other species of ants, Pheidole angulicollis Eguchi
(body length: 1.82+0.03 mm, n ¼ 25) and an unidenti-
fied species of Monomorium (body length: 1.42+0.03 mm,
n ¼ 25), in field locations where N. antipodiana occurs.
The bioassay apparatus consisted of a platform with a
baiting station and three silk bridges: the sides of the baiting
station were coated with a layer of Fluon (Northern Products
Inc., Woonsocket, RI), which ensured that the silk bridges
provided the only access to the bait (figure 1a). Each
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Figure 2. Total ion count of the GC-MS spectrum for the methanol extracts of web silk of adult N. antipodiana, and (inset) the
mass spectrum and the structure of 2-pyrrolidinone (peak 1).
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tory. Scaffold thread collected from each web was divided
into five 3 cm samples: three samples were used as silk
bridges for behavioural bioassays and the other two samples
for measuring the diameter of the threads (see later text).
The three silk bridges used in each trial were randomly allo-
cated to one of three treatments: deterrent removed, deterrent
added and control (i.e. natural silk thread). The surface
chemicals on the silk threads for the deterrent removed and
deterrent added treatments were first removed by immersing
the silk in 70 per cent alcohol for 2 h, with the solution chan-
ged every half an hour, and subsequently baking the silk
threads in the oven (708C) for 48 h. In this way, there is an
internal control, and the natural silk control provides a com-
parison. Starch was used to adhere the three silk bridges to
the baiting station, and the complete apparatus was posi-
tioned adjacent to an ant colony. Freshly killed Musca
domestica and Drosophila melanogaster were placed at the bait-
ing station to attract ants, who could access the bait via the
silk bridges. All the silk bridges except the control were
used by ants before either the 2-pyrrolidinone dilution or dis-
tilled water was applied. After 2 h, when between 150 and
200 ants had accumulated around the prey, 1.5 ml of a 2-pyr-
rolidinone dilution (0.05 mg dissolved in distilled water) was
applied to the deterrent added silk bridge, while 1.5 ml of
distilled water was applied to each of the silk bridges of the
deterrent removed and control treatments. We recorded
the behaviour of ants over the next 2 h, using a video recorder
(Sony HDR-SR8), noting the number of ants that crossed
each bridge. The location of the silk bridge treatments was ran-
domized across trials, and the silk bridges and all of the ants
were destroyed at the end of each trial to prevent recognition
and learning of chemical cues. The arena was cleaned with
70 per cent ethanol and allowed to dry for about 30 min
between trials. All trials were carried out between 07.00
and 18.00.
The scaffold silk used to support the orb-web may be
single or multi-stranded; so we conducted two experimentsProc. R. Soc. B (2012)using workers of M. pharaonis. In the first experiment, each
silk bridge comprised several threads of silk (15 trials), and
in the second experiment, each bridge comprised a single
silk thread (5 trials).
We examined whether the deterrent effect of 2-pyrrolidi-
none persists over a lengthy time period by repeating the
experiments using silk of different ages. The scaffold threads
were collected and prepared as described earlier, and stored
under ambient laboratory conditions for either 15 or 30
days. We then conducted the bioassays, as described earlier,
using workers of M. pharaonis.
(d) Spider body size and web silk diameter
We examined the relationship between the size of the spider
and the diameter of her silk threads. We measured the diam-
eters of single-stranded and multi-stranded web silk threads
under a scanning electron microscope (JSM-6510LV,
JEOL, Tokyo, Japan). For each web, we collected two 3 cm
samples of scaffold silk threads directly onto a piece of
cardboard: one for measuring the diameter of a single-
stranded thread and the other for a multi-stranded thread.
We took five haphazardly selected measurements for each
silk sample. In addition, we also measured body length for
each spider that built the web from which the silk samples
were obtained.3. RESULTS
The compound 2-pyrrolidinone (figure 2) was detected on
the silk of all webs constructed by adults and large juveniles
(body length. 4.1 mm, n ¼ 21) of N. antipodiana, but not
on the silk produced by small juveniles (body length,
4 mm, n ¼ 20). The quantity of 2-pyrrolidinone on the
silk of adult and large N. antipodiana (n ¼ 7) was deter-
mined at a mean (+s.e.m) concentration of 6.15
(+1.19) mgmg–1.
The absence of 2-pyrrolidinone on silk produced by







































































Figure 3. The influence of the presence of 2-pyrrolidinone on whether pharaoh ants traversed bridges of silk produced by adult
or large juveniles and comprising either (a) multiple silk threads or (b) a single silk thread. Fisher’s exact tests for all paired
comparisons, p , 0.01; different letters indicate significance differences.
Table 1. The influence of the presence and absence of 2-pyrrolidinone on the number of Monomorium pharaonis workers that
crossed different kinds of silk bridges.
deterrent added deterrent removed (min–1) control (min–1)
number of ants
several strands of silk from adult spider 0 14.8+1.1 0.6+0.2
single strand of silk from adult spider 0 16.2+1.4 0
Table 2. The effects of silk age on the number of trials in which at least one M. pharaonis worker crossed the bridges
constructed with multiple silk threads produced by adult Nephila antipodiana females and subject to different treatments (see
text).
age (days) of silk deterrent added deterrent removed control Fisher’s exact test
0 (n ¼ 5) 0 5 2 p ¼ 0.009
15 (n ¼ 5) 0 5 1 p ¼ 0.006
30 (n ¼ 5) 0 5 0 p, 0.0001
Spider silk contains ant deterrent S. Zhang et al. 1827
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of two samples of 2.5 mg silk spun by large juveniles, but
absent in both of two samples of 2.5 mg silk produced
by small juveniles as well as both of two samples of silk
produced by 10 small juveniles.
Pharaoh ant workers frequently traversed bridges of silk
threads without 2-pyrrolidinone (deterrent removed), but
rarely crossed silk bridges with 2-pyrrolidinone (deterrent
added and control; figure 3 and table 1). This pattern
emerged irrespective of whether the silk bridge was con-
structed of multiple threads (Fisher’s exact test: p,
0.0001; n ¼ 15; figure 3a) or a single-thread (Fisher’s
exact test: p, 0.0001; n ¼ 5; figure 3b). Workers coming
into contact with silk that had been treated with 2-pyrroli-
dinone rapidly retreated, but we did not observe any instant
toxic effects on the workers that contacted 2-pyrrolidinone
during the trials. The age of the silk did not affect the effi-
cacy of ant deterrence of 2-pyrrolidinone, with workers
continuing to avoid both 15- and 30-day-old deterrent
added and control silk (table 2).
The mechanical properties of silk also affected whether
pharaoh ants traversed the silk threads. Bioassays with
bridges made of scaffold silk threads produced by
spiders of different sizes (ANOVA: F2,15 ¼ 77.753, p ,
0.0001; figure 4a) and from which the deterrent had
been removed revealed that pharaoh ant workers can
cross the bridges constructed with silk threads produced
by adults and large juveniles, but not the bridgesProc. R. Soc. B (2012)constructed with silk threads produced by small juveniles
(Fisher’s exact test: p , 0.0001; n ¼ 5; figure 4b). This
difference is probably due to the diameter of the silk
bridge, which depends upon the size of the spider: the
silk thread of adult females and larger juveniles is four
to seven times thicker than that of small juveniles, irrespec-
tive of whether the bridge is constructed of multiple silk
threads (ANOVA: F2,15 ¼ 14.988, p , 0.001; figure 4c)
or single silk thread (ANOVA: F2,15 ¼ 54.67, p, 0.001;
figure 4d).
We confirmed that 2-pyrrolidinone acts as a deterrent
to two other species of ants: P. angulicollis and the unidenti-
fied species of Monomorium. Workers of P. angulicollis
(body length: 1.6–2.1 mm) and Monomorium sp. (body
length: 1.3–1.6 mm) crossed deterrent removed bridges
constructed with silk threads produced by adult
N. antipodiana, but only one P. angulicollis worker (Fisher’s
exact test: p ¼ 0.048; n ¼ 5; figure 4e) and none of Mono-
morium sp. workers (Fisher’s exact test: p ¼ 0.008; n ¼ 5;
figure 4f ) crossed the natural silk (control) bridge produced
by adult N. antipodiana. Workers of both species never
crossed control and deterrent removed bridges constructed
with silk threads produced by small juvenile N. antipodiana.4. DISCUSSION
This is the first report of the production of chemical com-
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Figure 4. Passage of spiders across bridges constructed with scaffold silk (deterrent removed) and the diameter of silk produced
by spiders of different sizes. (a) Mean (+ s.e.m.) body lengths of adult (n ¼ 8), small (n ¼ 4) and large (n ¼ 6) juvenile
N. antipodiana used for the measurements of silk diameters (ANOVA: F2,15 ¼ 77.753, p, 0.001). (b) Effect of the silk thick-
ness (i.e. diameter) on the number of trials (Fisher’s exact test: p , 0.0001) in which at least one Monomorium pharaonis worker
crossed the single-thread silk bridges constructed by adult (n ¼ 5), large juvenile (n ¼ 5) and small juvenile (n ¼ 5) spiders. (c)
Mean (+ s.e.m.) diameter (micrometre) of the multiple-thread scaffold silk from the webs of N. antipodiana adults (n ¼ 8),
large juveniles (n ¼ 6) and small juveniles (n ¼ 4) collected in nature (ANOVA: F2,15 ¼ 14.988, p, 0.001). (d) Mean (+
s.e.m.) diameter (micrometre) of the single-thread scaffold silk from the webs of N. antipodiana adults (n ¼ 8), large juveniles
(n ¼ 6) and small juveniles (n ¼ 4) collected in nature (ANOVA: F2,15 ¼ 54.67, p , 0.001). (e) The number of trials in which at
least one P. angulicollis worker traversed the bridges constructed with deterrent removed and control (i.e. natural) silk threads
obtained from adult N. antipodiana (n ¼ 5). ( f ) The number of trials in which at least one Monomorium sp. worker crossed
the bridges constructed with deterrent removed and control silk threads produced by adult N. antipodiana (n ¼ 5). Post hoc
Tukey HSD tests for all paired comparisons if ANOVA revealed a significant overall effect, and post hoc Fisher’s exact
tests for all paired comparisons if Fisher’s exact test showed a significant overall effect, p, 0.01; different letters indicate
significance differences.
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widely suspected [24], but with mixed empirical support
[25,26]. The ontogenetic or size-dependent addition of
2-pyrrolidinone is significant because it suggests that the
compound represents an active defense mechanism,
rather than a general by-product of silk production: while
2-pyrrolidinone is present on the webs of adult and large
juvenile spiders that are potentially vulnerable to ant inva-
sion, it is absent on the silk produced by small spiders—
presumably because their silk threads cannot support
the movement of ants and thus do not require a chemical
deterrent. While it is possible that other features of theProc. R. Soc. B (2012)silk, whichmight be altered by our experimental treatments
(i.e. the solvent extraction and 48 h baking at 708C),
may also act as ant deterrents, our data indicate that
2-pyrrolidinone is the most important.
The expression of 2-pyrrolidinone on silk according to the
risk of natural enemies may reflect the costs of synthesizing
this chemical deterrent, together with the metabolic or
energy constraints faced by small spiders. Such phenotypic
plasticity in the production of chemical defences in response
to the risk of natural enemies is common in plants [27],
but not widely reported in terrestrial invertebrates [5].
According to coevolutionary models of predator–prey
Spider silk contains ant deterrent S. Zhang et al. 1829
 on August 28, 2012rspb.royalsocietypublishing.orgDownloaded from interactions,wepredict that 2-pyrrolidinonewill be absenton
silk produced by orb-weaving spider species that are typically
less than 4 mm long or for which the silk threads have amean
diameter of less than 3.06 mm. Conversely, 2-pyrrolidinone
may not necessarily act as a deterrent to large species of
ants, whose size might prevent them from being able to tra-
verse the silk produced by even large species of orb-weavers.
It is likely that 2-pyrrolidinone serves principally as a con-
tact deterrent than as a volatile repellent: the ants in the
behavioural assays remained in the vicinity of the silk, avoid-
ing it only when they came into direct contact. A contact
deterrent is resource-efficient because, as our experiments
reveal, it lasts for an extended time, whichmay be significant
for those species in which the silk threads used to anchor
the web to the vegetation are not rebuilt everyday. Chemical
deterrents may also bemore effective against ants than other
defense mechanisms against solitary enemies; for example,
orb-web spiders may physically chase kleptoparasitic spider
intruders (e.g. Argyrodes) off the web [11], but this may be
ineffective against a large number of recruiting ants. How-
ever, physical defence may be more efficient in species in
which numerous spiders are present on a single web, and
this may explain why ants are apparently not deterred from
venturing onto the webs of social spiders [16].
Large individuals of N. antipodiana may employ
2-pyrrolidinone as a prophylactic defense against ants,
rather than as a means of disabling potential prey via its
toxic properties. Ants in our experiments that physically
contacted the silk did not obviously alter their activities
compared with ants that did not contact the silk, although
the toxicity of 2-pyrrolidinone to ants is not known. In
addition, 2-pyrrolidinone may act as a generalized deter-
rent and thus explain why ants rarely occur on the webs
of orb-web spiders. Workers of three myrmecine ants,
including an introduced species that has a global distri-
bution, do not venture onto the silk produced by large
individuals of N. antipodiana. 2-pyrrolidinone has broader
biological significance in ants: it is in the extracts from
the mandibular glands of the myrmicine ant Crematogaster
sjostedti Mayr [28], and alarm pheromones of many species
of ants are secreted from these glands [21]. Further, pyrro-
lidine alkaloids occur in the extracts of poison glands
of several species of ants [29] and of abdominal glands of
gypsy moth (Lymantria dispar L.) caterpillars, which use
pyrrolidine alkaloids to deter ant predation [30].
2-pyrrolidinone is biosynthesized from gamma-amino-
butyric acid (GABA) in the gypsy moth caterpillars [30].
Coincidentally, this acid occurs on the web of the congene-
ric N. clavipes [31] and three other species of orb-weaving
spider: Araneus diadematus [32], Argiope trifasciata and
Argiope aurantia [33]. While GABA and its derivatives are
the principal component in the water extract of the web,
their function was not tested [31]. Indeed, Schildknecht
et al. [34] reported the presence of 2-pyrrolidinone on the
silk web of A. diadematus (as Aranea diadema) and they
speculated that it was a hygroscopic substance. It is not
clear why 2-pyrrolidinone was detected in some species
but not in others, but may reflect different methodologies
(e.g. flame photometer used by Tillinghast & Christenson
[31] and thin layer chromatography by Anderson & Tillin-
ghast [33]) or different solvents. Nevertheless, these data
suggest that 2-pyrrolidinone is used by a broad diversity
of orb-weaving spiders, and raises the intriguing question
of how ant-deterrents have evolved in this group.Proc. R. Soc. B (2012)Predatory wasps (e.g. mud-dauber wasps) are thought to
be the primary selective force shaping the evolution of web
architecture in aerial web-building spiders [35]. Our study
reveals that predation by ants may similarly act as a novel
selective force shaping silk properties. More generally, the
potentially broader role of this chemical highlights how
chemical defences can be phenotypically plastic, thus pro-
viding a new perspective to the role of chemical defences
in predator–prey and animal–environment interactions.We are grateful to Poh Moi Goh for maintaining the insect
culture, to Qiping Liu for technique help with GC-MS and
to Junhao Tang for the identification of ants. This study was
supported by grants (R-154-000-262-112) from Singapore
Ministry of Education Academic Research Fund (AcRF),
and the Australian Research Council (DP0879610). We also
thank the National Parks Board for the research permit
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To counter female resistance to mating and cannibalism, males of many animal species have evolved
a variety of behavioural adaptations. Here we investigated a novel copulatory courtship behaviour, mate
binding, in which the male deposits ﬁne silk onto the female’s body in between copulation bouts, in an
orb-web nephilid spider, Nephila pilipes. We hypothesized that mate binding might reduce female
aggressiveness and sexual cannibalism and that both tactile and chemical cues play a role. We performed
a series of mating trials, in which we blocked (1) the females’ tactile perception, (2) the females’
chemoreceptors, and (3) both types of communication. We also manipulated male spinnerets and thus
male silk production. As predicted, mate binding reduced both female resistance to repeated mating and
levels of sexual cannibalism. Our results suggest that both tactile and chemical cues are crucial for mate
binding to succeed in rendering females less aggressive, but that tactile cues are more important. We
conclude that mate binding prolongs total copulation duration, whereby the male maximizes his
paternity. Therefore, mate binding may serve as a mechanism countering sexual conﬂict over repeated
mating and sexual cannibalism.
 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Sexual conﬂict arises when the reproductive interests of the two
sexes diverge and is ubiquitous in animals (Parker 1979; Arnqvist &
Rowe 2005; Chapman 2006). Male reproductive success largely
depends on the number of females the male fertilizes, and males
are thus expected to maximize the number of mates. On the other
hand, females may seek to mate with only higher-quality males,
and are thus expected to be more reluctant to mate or resist mating
by males frequently (Andersson 1994). Sexual cannibalism, where
an aggressive female attacks, kills or consumes a male during
a sexual encounter, may represent the ultimate sexual conﬂict
(Elgar 1992; Elgar & Schneider 2004). Theory predicts that sexual
conﬂict can lead to antagonistic coevolution, in which adaptations
in each sex select for counteradaptations in the other (Parker 1979;
Arnqvist & Rowe 2005; Chapman 2006; Tregenza et al. 2006).
Female resistance to mating/remating and the risk of female
cannibalism will promote a variety of male adaptations to
circumvent or mitigate the conﬂicts over mating and sexual
cannibalism. Indeed, a wide variety of behavioural, morphological
and physiological male traits have been suggested to reduce female
resistance to mating/remating and the risk of female cannibalism
(e.g. Lawrence 1992; Johnstone & Keller 2000; Elgar & Schneider
2004; Arnqvist & Rowe 2005; Wedell et al. 2006; Miller 2007;
Rönn et al. 2007; Gwynne 2008; Kuntner et al. 2009a; Han et al.
2010; Carazo et al. 2011; Raveh et al. 2011; Takeshita et al. 2011).
Empirical evidence, however, is still scarce.
Female resistance to mating/remating and sexual cannibalism
are comparatively common in spiders (Elgar 1992; Schneider &
Lubin 1998; Elgar & Schneider 2004; Prenter et al. 2006; Wilder
et al. 2009; Schneider & Andrade 2011), where a variety of behav-
ioural male traits may serve as counteradaptations. These include
elaborate courtship displays (Elgar & Nash 1988), nuptial gifts
during courtship (Albo & Costa 2010), opportunistic mating with
feeding, hunting or moulting females (Moya-Larano et al. 2004;
Fromhage & Schneider 2005), genital mutilation and plugging
(Segoli et al. 2008; Nessler et al. 2009; Kralj-Fiser et al. 2011), mate
guarding (Fromhage & Schneider 2005; Kralj-Fiser et al. 2011),
abdominal constriction (Andrade et al. 2005) and mate binding, in
which themale deposits ﬁne silk onto the female’s body in between
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copulation bouts (Bruce & Carico 1988; Kuntner et al. 2009b;
Supplementary material: Fig. S1a, b and Video S1). Nevertheless,
among all these male behavioural traits, to date there has been only
experimental demonstration of opportunistic mating with feeding
females (Moya-Larano et al. 2004; Fromhage & Schneider 2005)
that reduces the male’s risk of cannibalism and injury.
Mate-binding behaviour was ﬁrst described by Robinson &
Robinson (1980) in the nephilids Nephila pilipes (as Nephila mac-
ulata) and Herennia papuana (as Herennia ornatissima; see also
Preston-Mafham & Preston-Mafham 1998; Kuntner et al. 2009b),
but is apparently more widespread as it was recently also found in
Caerostris sp. (M. Gregoric, personal communication). Kuntner et al.
(2009b) hypothesized that mate binding was an obligatory
component of the precopulatory repertoire in N. pilipes, but this,
and its precise function, remains untested. Among the putative
functions of mate binding, authors have suggested that it may serve
as stimulation for the female (Robinson & Robinson 1980) or
perhaps to counter female cannibalism (Kuntner et al. 2009b).
Other authors simply assumed that mate-binding silk strands are
saturated with sexual pheromones (Preston-Mafham & Preston-
Mafham 1998). To date, no study has experimentally tested any of
these hypotheses. Furthermore, the possibility of direct tactile
communication between females and males during mate binding
has also not been explored. We studied all aspects of mate binding
inN. pilipes, a common tropical nephilid spider with extreme sexual
size dimorphism and cannibalism (Kuntner & Coddington 2009;
Kuntner et al. 2009b). We focused on the function of mate
binding and the mechanisms by which males could reduce female
aggressive tendency and calm females to facilitate copulations.
In our preliminary experiments in the laboratory, we observed
that virgin N. pilipesmales could successfully matewith a female on
her web without ﬁrst performing mate binding. After covering the
male’s spinnerets to prevent his laying of silk, we observed mate
binding-like movements without silk being deposited, with males
successfully mating multiply and exhibiting mate-binding behav-
iour whenever copulations were interrupted by aggressive females.
These observations suggested that laying of silk per se was not
essential during mate binding. Furthermore, the role of phero-
mones, if any, was questioned. In the present study, we determined
whether male-produced chemical or tactile cues (or both) were
responsible for rendering females less aggressive and allowing
further copulations. We hypothesized that mate binding was not
necessary prior to the ﬁrst successful copulation, but that it was
necessary for subsequent successful bouts. We also hypothesized
that both tactile and chemical signals during mate binding were
important. To test these two hypotheses, we conducted behavioural
assays in the laboratory, in which we manipulated the means of
chemical and tactile communication ofN. pilipes females andmales.
METHODS
Spiders and Maintenance
The experiments were conducted in the laboratory using spiders
collected from Pulau Ubin in Singapore (12403000N, 1035704000E).
To manipulate spiders with known mating histories, females were
collected as subadults (i.e. one moult away from adulthood) and
reared until adulthood in the laboratory (N ¼ 162). In the ﬁeld,
usually one to six adult males guard a subadult female in her web.
Once the subadult female has reached maturity, males compete
with each other to mate with the female (Robinson & Robinson
1980), and males rarely migrate from one web to another to
search for new females unless local females go missing (S. C. Zhang,
personal observation). Thus we collected all adult males (N ¼ 212)
from subadult females’ webs and checked their palps before use.
Only males with intact palps (i.e. without any damage, see Kuntner
et al. 2009b) were used in the experiments. In the laboratory, we
kept females individually in plastic frames (50  50 cm and 10 cm
high) with bamboo sticks attached to their inner sides to allow
them to build complete orb-webs on which all mating trials were
conducted. We destroyed the webs that had been built prior to
maturity to ensure that females would build new webs after their
ﬁnal moult. All males were kept individually in foam-covered
plastic vials (0.25 litres). All spiders were kept in the laboratory
with controlled environmental conditions (temperature:
25  10 C; relative humidity: 80  10%; photoperiod: 12:12 h
light:dark with lights on between 0800 and 2000 hours). Males
were fed with house ﬂies, Musca domestica, twice a week, while
females were fed with mealworms, Tenebrio molitor, daily. Those
spiders that were not subjected to treatments were released back to
their original habitat.
Behavioural Deﬁnitions
During mating trials, we deﬁned a female as being aggressive if
she (1) shook her web and chased the male during his approach,
(2) kicked the approaching male away when he touched her legs,
(3) furiously shook her body when the male was mounting her
dorsum, (4) forcefully ﬂicked the male off and tried to grab him
while he mounted her venter, (5) abruptly interrupted mating,
trying to kick the copulating male off and grab him. If the female
kept motionless and passive, we interpreted this as being less
aggressive, or calm.
Function of Mate Binding
To examine whether mate binding was a necessary component
of the male precopulatory repertoire and whether it could reduce
female aggressive tendency and cannibalism, we performedmating
trials in the laboratory on female webs. Each individual (male and
female) was used only once and thus had no courtship and mating
experience before the trial. We started each trial by gently placing
a male on a female’s web about 15 cm away from her, and recorded
all occurrences and combinations of insertion, mate binding and
cannibalism. If a male dismounted the female after she had
aggressively interrupted the ﬁrst insertion, the male was given
20 min to resumemating.We recordedwhether the female became
calm or cannibalized the male in the presence and absence of mate
binding. Trials lasted 1 h. All interactions between the male and
female were ﬁlmed by HD video cameras. Nephila pilipes males
often mate opportunistically when the female is engaged in
wrapping or consuming prey (Robinson & Robinson 1980; Kuntner
et al. 2009b); therefore, no prey were provided to the females
during the mating trials to control for the possibility of opportu-
nistic mating, which would have reduced the occurrence and
frequency of female cannibalism (Fromhage & Schneider 2005).
Only trials in which males successfully mated (i.e. achieved their
ﬁrst insertion) were included in data analysis. A total of 30
successful trials were conducted.
Mechanisms of Mate Binding
To explore the mechanisms underlying mate binding, that is, to
determine the roles of chemical and tactile communication, we
carried out mating trials using manipulated spiders. Most chemo-
receptors in spiders are located on the distal segments of
appendages, for example tarsi and metatarsi (Foelix 1970; Foelix &
Chuwang 1973; Barth 2002). Tactile communication between
males and females during mate binding might occur on the
female’s dorsum, which is where the male performs his behaviour;
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the female’s dorsum also bears tactile receptors in N. pilipes
(M. Seah & D. Li, unpublished data). Therefore, we performed two
manipulations of the females by (1) covering the female’s dorsum
to block the possible tactile communication between the male and
female (i.e. tactile receptors blocked: T; Supplementary material:
Fig. S1c, d) and (2) destroying chemoreceptors on the female’s
forelegs and palps to prevent potential chemical communication
between the mates (i.e. chemoreceptors destroyed: C). To block
tactile receptors on the female’s dorsum, we covered the dorsum
with liquid super glue (Selleys, PTY Ltd, Australia, www.selleys.
com.au) by gently applying a thin layer of glue on the dorsum of
females using a ﬁne brush. The glue dried in 15 s after coating. To
minimize possible effects of glue odours on the behaviour of the
manipulated spiders, we placed them in airy, open frames until the
trials started.
To destroy the chemoreceptors on females’ legs and palps, we
soaked all appendages in 50 ml of 0.4 mol/litre of zinc sulphate
(ZnSO4$7H2O) that had been dissolved in 0.3% Triton-X for 6 min.
This method has been reported to be effective in deinnervating the
chemoreceptive hair sensilla on the antennae of the cricket Tele-
ogryllus oceanicus (Balakrishnan & Pollack 1997) and the chemo-
receptors on the palps and legs of the wolf spider Pardosa astrigera
(Jiao et al. 2010). During 24 h of testing, we observed no behav-
ioural changes in females after such treatments compared with
untreated females, both groups building new webs and catching
house ﬂies. In addition, males (N ¼ 4) showed similar courtship and
mating tendencies towards treated and untreated females, sug-
gesting the treatments to females did not inﬂuence courtship
behaviour of the males.
Virgin females were assigned at random to one of four groups:
in Group 1 (control), females were not treated (i.e. both tactile
receptors and chemoreceptors were intact; Tþ/Cþ); in Group 2, the
female’s dorsumwas covered with liquid super glue but its legs and
palps were not treated with zinc sulphate (T/Cþ) to test the effect
of tactile communication alone on mate binding; in Group 3, the
female’s legs and palps were treated with zinc sulphate but her
dorsumwas not covered by glue (Tþ/C) to determine the effect of
chemical communication alone on mate binding; and in Group
4, the females received both treatments (T/C) to test the effects
of both tactile and chemical communication on mate binding.
Virgin males were randomly assigned to either the treatment or
control group. In the control group, male spinnerets were not
coated with liquid super glue. The treated males were anaes-
thetized by CO2 and their spinnerets coated carefully with liquid
super glue (Supplementary material: Fig. S1e, f), which prevented
their silk production (S) during mate binding. We conﬁrmed
males’ spinnerets had been covered successfully by shaking off the
males from a wooden stick three times without observing any
draglines (spiders always produce a dragline when falling).
To control for the possibility that glue odour may confound the
outcomes of our experiments, we set up another control group, in
which the posterior dorsal abdomen of the female was partly
covered (about 1 cm2) with super glue, and the dorsum of the male,
but not the spinnerets, was partly covered (about 0.1 cm2) with
glue.
After manipulation, all males and females were given 12 h to
adapt and recover. All trials were carried out within 12e24 h after
the treatments.
We began each trial by gently placing a randomly selected male
(i.e. it could produce silk freely or could not produce silk; Sþ or S)
onto the web of a randomly selected female from one of the four
female groups about 15 cm away from her. For each trial, we
recorded the occurrence of male mate binding and the responses of
the female and the actions of themale in 20 min aftermate binding,
if any. If themale could tread on the female’s abdomen tomatewith
her within 20 min during mate binding, we deemed her as
successfully calmed. If the female was still aggressive (for deﬁni-
tion, see above), and the male failed to tread on her abdomen for
mating, we deemed her as not having been calmed. Observations
and recordings were made with HD camcorders. Both females and
males were used only once. Only the trials in which males had
exhibited mate binding were considered as successful.
Data Analysis
We used a one-tailed sign test to analyse the data on the
frequency of males that had exhibited mate binding in their ﬁrst
mating and the frequency of the mate-binding males that suc-
ceeded in calming the females to allow the second insertion. We
used goodness-of-ﬁt chi-square tests to analyse the data on the
frequency of males that mated after mate binding. We performed
Fisher’s exact test to analyse data on the frequencies of female
cannibalism for males that exhibited mate binding and those that
had not. All chi-square tests were performed using Minitab 15
(Minitab Inc., State College, PA, U.S.A.). Binary logistic regression
was used to determine possible effects of treatments (female
treatments: tactile receptors blocked and chemoreceptors
destroyed; male treatments: spinnerets blocked or not) on female
responses (calmed or not) to male mate binding. Logistic regression
was the preferred option, as it can analyse dependent variables
with categorical outcomes (Field 2009). The output from this
regression is expressed as the likelihood (also known as odds ratio,
OR) that a particular outcome category (in relation to the reference
category) will occur when a particular independent variable is
present. Here, the analysis provided the OR for female behaviour
(calmed or not) when a particular variable (female treatment or
male treatment) was present. We performed one binary logistic
regression to assess the associations between the independent
(female and male treatments) and dependent (if the female was
calmed or not) variables. An OR of more than one meant that the
female response (calmed or not) to male mate binding was more
likely to occur when a particular treatment was present, and an OR
of less than one meant that the female response was less likely to
occur when that treatment was present. When calculating the OR
for each combination of predictor-dependent variables, binary
logistic regression assumes that all other variables are constant.
Logistic regression was performed using IBM SPSS Statistics 19
(SPSS Inc., Chicago, IL, U.S.A.).
RESULTS
Behaviour of Males and Females during Mate Binding
To perform mate binding, the male ﬁrst mounted the dorsal
abdomen of the female, aligned with her head down, trod quickly
down to the carapace area, and then rubbed his spinnerets against
her carapace in a circular fashion. After one to several rounds, the
male usually lifted his spinnerets, retreated to the starting point
and carried the silk threads there (Supplementary material: Video
S1). The male then ritualistically touched the female’s palps,
seemingly to recheck her receptivity (Supplementary material:
Fig. S1g). Should the female at this point not wave her palps or at
least not at high frequency (more than 3/s), the male would
proceed to her venter to copulate. Otherwise, he resumed mate
binding, as described.
Function of Mate Binding
In 30 successful mating trials, only two males (6.7%) exhibited
mate binding prior to the ﬁrst insertion (one-tailed sign test:
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P < 0.001), 23 males (76%) performedmate binding when their ﬁrst
copulation was interrupted by the female (c21 ¼ 8.533, P ¼ 0.003)
and 22 (96%) of the 23 mate-binding males succeeded in calming
the females to allow their second insertion (one-tailed sign test:
P < 0.001). Of 23 males that exhibited mate binding, only four
(17.4%) were cannibalized, while of seven males that did not show
mate binding after their ﬁrst insertion was interrupted but instead
tried to resume copulation, ﬁve (71.4%) were cannibalized
(Supplementary material: Fig. S1h). This difference, however, was
not statistically signiﬁcant (Fisher’s exact test: P ¼ 0.1).
Mechanisms of Male Mate Binding
Direct binary logistic regression was performed to assess the
effect of female and male treatments on female responses (calmed
or not) to mate binding. The full model included two independent
variables, female treatments (i.e. covering female tactile receptors
and destroying female chemoreceptors) and male treatment (i.e.
blocking male spinnerets). The model as a whole revealed a unique
statistically signiﬁcant treatment effect on female responses
(c24 ¼ 119.967, P < 0.001) and correctly classiﬁed 89.2% of females
that were or were not calmed. As shown in Table 1, both female
treatments and male treatments were signiﬁcant predictors of
female aggressiveness (Fig. 1). Compared to the control (Tþ/Cþ),
covering female tactile receptors alone (T/Cþ) or blocking both
female tactile and chemoreceptors (T/C) increased the likeli-
hood that females were not calmed despite mate binding (T/Cþ:
OR ¼ 65.614; T/C: OR ¼ 341.96). However, destroying female
chemoreceptors had no signiﬁcant effect on the likelihood that
females were not calmed compared to the control (OR ¼ 0; Table 1).
Glue odour also had no signiﬁcant effects on the likelihood that
females were not calmed compared to the control (OR ¼ 0; Table 1).
Compared to the control (Sþ), blocking male spinnerets (S)
increased the likelihood that females were not calmed (OR ¼ 5.387;
Table 1). The OR for females that were not calmedwhen both tactile
and chemoreceptors of females were blocked (T/C; OR ¼ 341.96)
suggested that females remained aggressive despite the occurrence
of mate binding mostly when both tactile and chemoreceptors of
females were blocked. Of 39 females, 33 were not calmed despite
mate binding (Fig. 1).
To determine the relative importance of chemical and tactile
communication in reducing female aggressiveness during mate
binding, we compared the frequencies of females that were calmed
during mate binding between the groups (TCþ) and (TþC).
Signiﬁcantly fewer females were calmed in the TCþ group than
the TþC group regardless of whether male spinnerets were
covered (S: c21 ¼ 20.99, P < 0.001) or not (Sþ; c21 ¼ 6.95,
P ¼ 0.008; Fig. 1).
DISCUSSION
We provide empirical evidence that mate binding is not an
obligatory precopulatory behavioural element for males to mate
with virgin females in N. pilipes since only 6.7% of males exhibited
mate binding before their ﬁrst copulation with virgin females. As
predicted, mate binding always occurred after females had inter-
rupted copulations and became aggressive towards their suitors.
Mate binding, then, greatly reduces female aggressiveness and thus
facilitates subsequent copulations. Therefore, it may be seen as
a counteradaptation to female resistance to repeated mating rather
than to mating per se. Moreover, the percentage of males being
cannibalized by females decreased through mate binding from
71.4% to 17.4%, suggesting that mate binding may reduce sexual
cannibalism (Kuntner et al. 2009b). More importantly, our study
revealed the mechanisms of mate binding by which males reduce
female aggressiveness; that is, both tactile and chemical cues
together play crucial roles in rendering females more prone to
repeated mating and in reducing the risk of sexual cannibalism.
This is the ﬁrst experimental demonstration of the advantage of
male mate binding in a context of sexual conﬂict over female
resistance to repeated mating and cannibalism.
This study focused on elucidating the mechanisms of mate
binding, which males employ to calm aggressive females. Our
experiments showed that most of those females with both tactile
receptors and chemoreceptors blocked were still aggressive despite
the occurrence of mate binding (Fig.1). This demonstrates that both
tactile and chemical communication between the sexes is crucial
for successful mate binding. Moreover, our results show that tactile
cues are of higher importance for mate binding to render females
less aggressive and less resistant to repeated mating. There are
a few lines of evidence supporting this. First, during mate binding
the tactile communication alone (Tþ/C) could calm the females,
evenwhen female chemoreceptors were destroyed (Fig. 1). Second,
blocking female tactile receptors alone greatly reduced the number
of females that were calmed compared with the control group
(TþCþSþ). Third, fewer females were calmed during mate binding
when female tactile receptors were blocked (T/Cþ) compared
with the group with only chemoreceptors blocked (TþC).
Contrary to the popular literature speculating that N. pilipes
males use contact sex pheromones in the silk laid on females
during mate binding (Preston-Mafham & Preston-Mafham 1998),
our results suggest this is unlikely; if pheromones are produced by
males during mate binding then these are not contact but rather
airborne. Males often use chemical cues in searching for mates
(Gaskett 2007), and these cues can be perceived bymales as volatile
(airborne) pheromones at a longer distance or contact pheromones
at a closer distance, such as on a female’s web silk, or draglines or
Table 1
Binary logistic regression for testing the effects of female and male treatments on female aggressiveness (calmed: reference; not calmed: predicted) during male mate binding
Variable B SE Wald df P Odds ratio Odds ratio 95% CI
Exp (B) Lower Upper
Female treatment 25.57 3 <0.001
T/Cþ 4.18 1.11 14.33 1 <0.001 65.61 7.52 572.7
Tþ/C 17.57 6934 0 1 0.998 0 0 0
T/C 5.84 1.18 24.56 1 <0.001 341.96 34.02 3436.9
Glue odour 16.61 11603 0 1 0.999 0 0 0
Male treatment (S) 1.68 0.61 7.66 1 0.006 5.39 1.63 17.75
Constant 4.60 1.12 16.80 1 <0.001 0.01
Treatments: female’s carapace covered to block tactile receptors: T; chemoreceptors destroyed: C; male spinnerets blocked: S. Tþ/Cþ (control in the female treatments)
was used as reference for the female treatments; Sþ (control in the male treatment) was used as reference for the male treatment. T/Cþ: the treatment in which only the
female’s tactile receptors were blocked; Tþ/C: the treatment in which only the female’s chemoreceptors were destroyed; T/C: the treatment in which both tactile
receptors and chemoreceptors of females were blocked; glue odour: the treatment in which glue was applied to the anterior ventral abdomen of the male and to the posterior
dorsal abdomen of the female. Hosmer & Lemeshow test: c26 ¼ 3.967, P ¼ 0.784; R2 ¼ 0.532 (Cox & Shell), R2 ¼ 0.731 (Nagelkerke).
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on her body (Uhl & Elias 2011). Although female sex pheromones
are common in spiders, male sex pheromones are also reported and
used in various stages of mating. For example, the male black
widow spider, Latrodectus hesperus, produces contact sex phero-
mones on its silk, which can be detected by chemoreceptors on the
female’s legs and palps (Ross & Smith 1979). On the other hand, the
male desert spider, Agelenopsis aperta, produces airborne chemicals
to induce temporary catalepsy in females during courtship, to
increase his chance of successful copulation without being canni-
balized (Becker et al. 2005). Likewise, male wolf spiders, Allocosa
brasiliensis and Allocosa alticeps, produce volatile sex pheromones
which induce female courtship behaviour (Aisenberg et al. 2010). A
male-produced sex pheromone, (Z)-9-tricosene, used to increase
males’ copulation probability, was also identiﬁed in a pholcid
spider, Pholcus beijingensis (Xiao et al. 2010). Our study is the ﬁrst
indication of the airborne male pheromones used to reduce female
resistance to repeated mating and female cannibalism.
In addition, the fact that when the tactile receptors were
blocked (TCþSþ and TCþS trials) the percentage of females
that were calmed varied from 16.7% when male spinnerets were
covered (S) to 66.7% when uncovered (Sþ) suggests that the
effective, airborne male chemical signals might be produced from
the spinnerets and adjacent regions. While no sexual pheromone
glands have been identiﬁed in any spider, it would be worth
examining N. pilipes male spinnerets or adjacent regions for the
potential presence of such glands.
Silk deposition during the action of mate binding seems to be
a by-product of tactile communication; instead, the action of
moving around the dorsum of females with spinnerets rubbing
against the dorsum appears to be important. In addition, our results
show that tactile communication is the most important in this
process. Therefore, the deﬁnition of mate binding, where the male
deposits ﬁne silk on the dorsum of the female (Preston-Mafham &
Preston-Mafham 1998; Kuntner et al. 2009b), could also be more
descriptively termed ‘mate massaging’.
Copulation duration has long been thought of as one of the most
critical measures of male reproductive success (Simmons 2001). In
general, copulation duration is positively related to sperm transfer,
which may determine paternity, and thus males are expected to
copulate for as long as possible. To enhance their paternity, males of
many spider species attempt to prolong their copulation duration.
For instance, copulation duration in Argiope bruennichi is reported
to be directly related to sperm transfer and relative paternity
success (Schneider et al. 2006). In our study, male N. pilipes per-
formed mate binding after being rejected or interrupted by the
female, and it appears that mate binding enables the male to mate
with the female multiply, thus maximizing his paternity.
The present study is the ﬁrst demonstration of the adaptive
value of male mate binding through which males reduce female
resistance to repeated mating and the risk of sexual cannibalism in
N. pilipes. Such beneﬁts may be achieved through both tactile and
chemical communication between males and females during mate
binding, but the former seems to be more important than the latter.
Our results also suggest that silk deposition during mate binding
may be a by-product of tactile communication and that the pher-
omones used may be airborne and produced from male spinnerets
or adjacent regions. In conclusion, mate binding may have evolved
as a male counteradaptation in a context of sexual conﬂict over
female resistance to repeated mating and the risk of sexual
cannibalism.
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